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ABSTRACT. Site-directed mutagenesis in the photosystem Il (PSIl) oxygen-evolving enzyme was achieved
in the thermophilic cyanobacteriurhermosynechococcus elongatBSll from this species is the focus

of attention because its robustness makes it suitable for enzymological and biophysical studies. PSlI,
which lacks the redox-active tyrosine BPywas engineered by substituting a phenylalanine for tyrosine
160 of the D2 protein. An aim of this work was to engineer a mutant for spectroscopy, in particular, for
EPR, on the active enzyme. The TYEPR signal was monitored in whole cells (i) to control the expression
level of the two genegpsbDy andpsbDy) encoding D2 and (ii) to assess the success of the mutagenesis.
Both psbD, and psbD; could be expressed, and recombination occurred between them. The D2-Y160F
mutation was introduced intpsbD after psbD; was deleted and a His-tag was attached to the CP43
protein. The effects of the Y160F mutation were characterized in cells, thylakoids, and isolated PSII. The
efficiency of enzyme function under the conditions tested was unaffected. The distribution and lifetime
of the redox states (States) of the enzyme cycle were modified, with mogenShe dark and no rapid
decay phase ofsSAlthough not previously reported, these effects were expected becausdslgble

to oxidize $ and Typ is able to reduce Sand S. Slight changes in the difference spectra in the visible
and infrared recorded upon the formation and reduction of the chlorophyll catigh &d kinetic
measurements ofsR" reduction indicated minor structural perturbations, perhaps in the hydrogen-bonding
network linking Typ and Rgo, rather than electrostatic changes associated with the loss of a charge from
Tyrp*(H'). We show here that this fully active preparation can provide spectra from th@a@ycomplex

and associated radical species uncontaminated hby.Tyr

Photosystem Il (PSi)catalyses light-driven water oxida-  subunits including the central D1/D2 dimer that is surrounded
tion and plastoquinone reduction in cyanobacteria, algae, andoy CP43 and CP47, cytochrorhB59, 11 small polypeptides,
plants ((—6). Water oxidation takes place at a MaQ, and 3 extrinsic proteins, including the cytochrocd&0. PSII
cluster, a structural model for which has been recently contains chlorophylls (Chls), carotenoids, pheophytins, plas-
proposed based on X-ray crystallograpfy. This model is toquinones, a non-heme iron, a calcium, and 4 manganese
largely consistent with earlier spectroscopic wdak9). PSII ions. Although the deduced amino acid sequences of D1 and
is a membrane-spanning complex constituted of at least 16D2 share a rather low homology (30%)10( 11), the

important amino acid residues such as those that act as

* To whom correspondence should be addressed: E-mail: miwa@ ligands to the cofactors are conserved. The central Chl

biochem.osakafu-u.ac.jp. Telephone: 81 72 254 9451. Fax: 81 72 254molecules (B1 and Ry, Chlby and Chby), pheophytins
9918 (M.S.); E-mail: alain.boussac@cea.fr. Telephone: 33 1 69 08 (Phe; and Pheg,), plastoquinones (Qand Q.), peripheral

72?&5&’2 d3é351i0%98r0%i83617D(BA£~)- Chls (Chkp: and Chipy), and two redox-active tyrosines
8§ Osaka Prefecture gUn?ver'sity. ' (Tyrz anq Typ) occupy symmetrical position on the D1 and
"Institut de Biologie Physico-Chimique. D2 proteins and are hydrogen-bonded to D1-H190 and D2-
~ University of Tsukuba. H189, respectively5—7, 12—15), while the MnCaQ, cluster

! Abbreviations: PSII, photosystem II; Chl, chlorophyll; EPR, . . -
electron paramagnetic resonance; cw, continuous wave; FTIR, Fourier'S located in D1 {=7).

transform infrared; Mes, 2N-morpholino)ethanesulfonic acid; DCBQ, The absorption of a photon results in a charge separation

2,6-dichlorop-benzoquinone; Nd:YAG, neodymium:yttriumaluminum :
garnet;3DM, n-dodecyls-maltoside; Bso, photooxidizable Chl of PSII; between one of the central Chl molecules and a pheophytm

Po: and Ry, two central Chis bound to polypeptide D1 and D2, Molecule, Phes. The pheophytin anion transfers the electron
respectively; Tys, tyrosine acting as the electron donor td®, Tyrp, to a quinone, Q. Psgo", where the cation is shared through

tyrosine acting as a side-path electron donor of PSII; PEG, poly(ethylene ik ;
glycol); Cm, chloramphenicol; Km, kanamycin; PPBQ, phepyl- a redox equmb”um over 1 and Ry (16' 17)’ is reduced

benzoquinone; WT wild-type that has a His-tag on the C terminus of DY @ tyrosine residue, TX-rTyrZ' is in turn reduced .by the
CP43; SOD; superoxide dismutase. Mn,CaQ, cluster. During the enzyme cycle driven by
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sequential light-induced charge separations, the oxidizing side Tyrp is present in all species so far investigated, yet its
of PSII goes through five different redox states that are removal by site-directed mutagenesis seemed only to slow
denoted § n varying from 0 to 4 (18). Oxygen is released cell growth @0, 31), while not greatly influencing the enzyme
during the $—% transition, in which $is a transient state  function. A role for Tyg in so-called “photo-activation”, the
(16, 18). process by which Mhis bound, oxidized, and assembled
The recent structural models of PSIl based on X-ray as the MnCaQ, cluster, was suggested3l, 40), and
crystallography have come from the thermophilic cyanobac- experimental evidence confirming such a role was obtained
terium Thermosynechoccocus elongat{rs 19, 20). The recently @1).
enzyme in this species is very robust, and this makes it In the oxygen-evolving enzyme, Tyhas a redox role. It
particularly suited not only for crystallography,(19) but can donate electrons to the MZaQ, cluster when in the
also for spectroscopic and enzymological studzk—28). long-living high redox states,,%&nd S (42, 43), and Typ"
This cyanobacterium, however, is less well-suited for mo- is able to oxidize the lowest redox state of the enzyme cycle,
lecular biological studies because of, for example, (i) converting $to S (40) and also more reduced forms of the
difficulties in the introduction of exogenous DNA in the Mn,CaQ, cluster @4). These redox reactions are thought to
chromosome, (ii) the presence of processes of recombinatioroccur through the equilibrium Tyr + Psgo<> Tyrp + Pego'
between the introduced gene and genomic DNA, and (iii) ~ An electrostatic role for Ty might occur through the
the very slow Segregation of mutated cells in culture on generation of a proton upon radical formation, B‘“H‘*’)
plates. While it has been possible to generate a histidine-(32), with the proton located on a close-by protonatable group
tagged strain that has allowed more efficient isolation of the gch as D2-H189 13, 14). This proton would have an
enzyme R9), up to now, no single amino acid site-directed  glectrostatic influence ongR', increasing its potential and
mutagenesis of the PSII reaction center has been reporteddisp|acing the redox equilibrium o Ppz <= Po1Pps™, to the
Here, we set out to produce a site-directed mutant in the |eft, thereby accelerating the rate of Fyixidation, reviewed
PSII reaction center of. elongatus in refs 17 and32. Studies on the electrostatic role of Fyr
Our aim was to develop procedures to produce mutants however, were done in Mn-depleted PSII fr@ynechocystis
in T. elongatusand then to isolate mutated PSIl in which sp. PCC 6803. In a Tyrless mutant ofChlamydomonas
the MnCaQ cluster remains completely intact. The target an oxygen-evolving preparation was studied and no evidence
chosen was the replacement of the redox-active tyrosing TYr for an electrostatic influence was seetb) Thus, some
with phenylalanine (Y160F) in the D2 protein. There were doubts over an electrostatic role exist.
several reasons for this choice: (i) The mutant has been |, this work, we present the first single amino acid site-
constructed before in mesophilic speci@8,(31), and the jrected mutagenesis ifi. elongatusAddition at the same
enzyme was still functional in whole cells; thus, we expected time of a histidine-tag on the C terminus of CP43 allowed
photosynthetic growth to be largely unaffected, a prerequisite o rapid purification of an highly active Y166fPSII
in T. elongatuswhich is not able to grow on glucose unlike 1, tant. The enzyme function in the absence ofgTyas
Synechocystisp. PCC 6803. (ii) The stable radical Byr  sydied with a range of biophysical methods, and the
could be monitored by electron paramagnetic resonancejnfuences of Ty are defined. In addition, we show that
(EPR) in whole cells, and therefore the progress of the {his material can be used to obtain EPR spectra of the active
molecular biological work could be easily monitored. (i) solated enzyme uncontaminated with Fyrin particular,
The role of Typ is still being debated, reviewed in r&2 some of those originating from the MBaQ: cluster (e.g.,

and see below. (iv) An isolated, fully intact, ytess refs46—51). This genetically engineered strain will thus open
enzyme would represent the ideal and long-wished-for e goor for future spectroscopic studies.

material for many spectroscopic studies of the enzyme. The

kinetically competent Ty which is at the heart of the active EXPERIMENTAL PROCEDURES

site 33), can potentially be confused with TyfThe problem

is particularly marked in EPR studies. Although EPR has  Construction of MutantsTwo psbDgenes are present in

played a leading role in understanding the structure andthe genome off. elongatug(psbD: and psbD)? (11). The

function of PSII, all studies of the intact enzyme have had lengths ofpsbD and psbD; are both 1056 bp. The amino

to deal with the fact that Tyt contaminates the spectra. This acid sequences deduced from the nucleotide sequences of

can obscure and confuse studies of;Tgr any other radical ~ these two genes are identical, fpgbDy and psbD, differ

process in the active enzyme. by four nucleotides. The'@erminal region opsbD overlaps
Despite structural similarities, Tyand Tye have different by ~50 bp with thepsbCgene, which encodes the CP43

redox potentials, with the Ty¥Tyr; couple thought to be  Protein. Before doing site-directed mutagenesigpsiD,

close b 1V and the Tys"/Tyrp couple close to 0.75 V34). deletion ofpsbD, was done as described below.

The kinetic properties of Tyrdepend on several factors such ~ psbD; was cloned including the noncoding regions of 800

as the integrity and redox state of the }M@aQ, cluster and bp upstream and 780 bp downstream by using PCR ampli-

the presence of the calcium ion. In oxygen-evolving PSII, fication (Expand High Fidelity PCR System, Boehringer

electron donation from Tyrto Psget occurs in the tens of ~ Mannheim), and the DNA sequences were confirmed. The

nanoseconds to microseconds time scale and depends on themplified DNA was subcloned into pUC19 vector. For

redox state of the MiCaQ, cluster 85—37). Reduction of  deletion ofpsbD; from the wild-type (WT) genome, 910 bp

Tyrz by the MnCaQ, cluster occurs in the tens of of psbD, between thet150 and+1060 positions, which

microseconds to milliseconds time scale depending on the

redox state of the MiCaQ; cluster 40, 41). Tyro' is stable 2 Do not mix uppsbD, one of the two genes encoding the D2 protein,
and decays in days in the intact enzyn3@)( with the gene encoding the D1 protein thapisbA




TyrD-less Photosystem Il if. elongatus

Cmresistantgene

I\| . ,,-’,,—J
o 0o
- 22
psbD2
Kpnl BamH
B
wild type

460 470 480 490
GTC TTT GTC AGC GTC TTC TTG ATC TAT CCC TTG GGG CAA TCC
v F v s v F L I Y P L G Q s

Sspl ll

Y160F

1210

'] Kmresistant gene
1(Kpn1) 1249(Xba )
Y160F
v ®
o ) -
«© o <
- < - N
psbD1 psbC
Sspl Kpnl Xbal

Ficure 1: Construction of mutants. Knocking out thebD; gene
in T. elongatugA), nucleotide and amino acid sequences around
Tyrl60 in D2 (B), and Y160F mutation and insertion of a His-tag
in psbD/psbC genes (C). (A)psbD, showing the 910-bKpn
I/BanH | fragment replaced by a 1.4-kb fragment of a Cm gene
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by electroporation (BioRad gene pulser) with 4D of T.
elongatusells (ODy3 = 60) and Gug of plasmid DNA under
the following conditions: 10 kV cmt, 25 uF, and 200Q.
After the transformation, cells were spread on a DY) (
plate including 20ug of Km mL™! and/or 2.5ug of Cm
mL~ and cultivated at 48C under white fluorescent lamps
at ~30 umol of photons m? s1. Single colonies were
streaked onto new DTN plates containing antibiotic(s). To
select the mutant cells, the genomic DNA was extracted from
the antibiotic-resistant cells, which came from single colonies
after the transformation. For confirmation of the segregation
on psbD;, the region between the upstream and downstream
of thepsbD} open-reading frame was amplified by PCR, and
then its length was analyzed. For the site-directed mutation
on psbD, the nucleotides were amplified by using primers,
which were designed at positions35 to —5 and+630 to
+660 of psbDy. The amplified 695 bp DNA was analyzed
with Sspl (New England Biolabs). The single colonies of
selected cells were inoculated onto new DTN plates, includ-
ing 40 ug mL™! of Km and/or 5ug mL™* of Cm. This
procedure was repeated until all of the amplified DNA was
completely digested into two fragments of 515 and 180 bp.
In the following, WT refers to the wild type, WTefers to

the wild type in which an His-tag has been added to CP43
(29), WT(ApsbDy) refers to the wild type in which thesbD,
gene has been deleted, Y1608bD refers to the wild type

in which the Y160F mutation has been introduced jpgbD

by keepingpsbD; intact, and Y160F refers to the wild type

cassette resistance. (B) For the Y160F mutation, the TAT (Tyr) in which (i) CP43 has a His-tag, (ii) thesbD: gene has
codon was replaced by a TTC (Phe) codon. Four nucleotides aroundpeen deleted, and (i) the Y160F mutation has been

the Y160 codon were simultaneously changed for producing an

Sspl site without changing the Leul58 and lle159 amino acids.

The substituted nucleotides are shown with small letters, and the

Sspl site is underlined. Numbers indicate the nucleotide order from
the Met initial codon. (CpsbD,, showing the position of the Tyr160
codon. TheSspl site was produced to differentiate the mutant and
the WT psbD; in KmR/CmR-resistant cells (see B). The 1249-bp
Kpn I/Xba | fragment, which has six consecutive His and a Km

introduced intopsbD.

Purification of Thylakoids and PSIThe transformed cells
were grown in 1.5 L of DTN with antibiotic(s) in 3-L
Erlenmeyer flasks in a rotary shaker with a £éhriched
atmosphere at 45C under continuous light~80 umol of
photons m? s™1). Thylakoids and PSIl were prepared as

gene cassette resistance, was inserted just before the stop codon étescribed earlier7, 29). Routinely, the total amount of Chl

psbC

includes the stop codon, were replaced by a chloramphenicol

(Cm)-resistant gene cassette by using pUD2€ras shown
in Figure 1A.

psbD and psbC have been previously cloned into the
pBluescriptll KSt vector 9). Additional nucleotides

before breaking of the cells was 16050 mg, and the yield

after PSII purification in terms of the Chl amount wa8%.
Acetate Treatmentntreated isolated Y1606HPSIl com-

plexes were diluted te=0.1 mg of Chl mL? in a medium

containing 10% glycerol, 0.3 M mannitol, 15 mM Ca(QH)

1 M Betaine, and 5 mM 2N-morpholino)ethanesulfonic acid

(Mes) at pH 6.5. Then, the PSII was pelleted by centrifuga-

encoding six consecutive histidine residues and a kanamycintion (15 min, 17000@) after the addition of the same medium
(Km)-resistant gene cassette were inserted between’the 3containing 50% (w/v) poly(ethylene glycol) (PEG) 8000, so

terminus of psbC and the noncoding region opsbC
(pPUD243H) @9). For the Y160F mutation, the position
around+480 in psbD was modified by using a Quick-

that the final PEG concentration was 15%. Then, the pellet
was resuspended in a medium containing 0.5 M acetic acid,
0.3 M mannitol, 15 mM Ca(OH) and 40 mM Mes (the pH

Change XL Site-Directed Mutagenesis Kit (Stratagene) and was adjusted to 5.1 by adding NaOH). PSIl was collected
PCR primers as shown in Figure 1B. To have a simple testby centrifugation (15 min, 1700@) after the addition of
for the presence of the Y160F mutation and to improve the the same medium containing 50% (w/v) PEG 8000 (the final

selection of the mutants, &spl restriction site was created

PEG concentration was 15%). The pellet was resuspended

together with the codon for Phel60. The construct of the in 0.5 M acetic acid, 0.3 M mannitol, 15 mM Ca(Ofiand

plasmid pUDY160FKmM is shown in Figure 1C.
T. elongatusNT cells were transformed with pUD2Ci3!
for construction of thgsbDy-deleted mutant [WTApsbD)],

40 mM Mes at pH 5.1 (with NaOH) and loaded into EPR
tubes. After dark adaptationfd h atroom temperature,
0.5 mM phenylp-benzoquinone (PPBQ, dissolved in Me

and the recombinant cells were selected by using the CmSO) was added before freezing the sample in liquid N

antibiotic. For production of the Y160F mutant, the WT-
(ApsbDy) cells were transformed with pUDY 160FKhand

selected by DNA analyses prepared from the genome of Km-

Oxygen kolution MeasurementfOxygen evolution of
PSIl under continuous light was measured at °Z5 by
polarography using a Clark-type oxygen electrode (Hansat-

resistant cells as mentioned below. Transformation was doneech) with saturating white light at a Chl concentration of 2
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ug of Chl mL™t in a medium containing 10 mM NaCl, 15 the $/S,)/S)/S, concentrations after the varying dark periods.
mM CaCb, 15 mM MgCh, 1 M Betaine, and 40 mM Mes  The data were fitted using the following equation:
at pH 6.5. A total of 0.5 mM DCBQ (2,6-dichlomp-

benzoquinone, dissolved in ¥&0) was added as an electron [Sdli = ([Sgli=o — [Sgli=1r) expEk,t) + [Soli=iy, (3)
acceptor.

Oxygen evolution under flashing light was measured with Where [S]i-in is the $ concentration after 1 h.
a lab-made rate electrod@7). Concentration of the thyl- UV-Visible Absorption ChangesAbsorption changes

akoids was 1 mg of Chl mit! without addition of an electron ~ Were measured with a lab-built spectrophotomet2),(
acceptor. lllumination was done with a xenon flash. The Where the absorption changes are sampled at discrete times
power of the xenon flash was adjusted so that the light by short flashes. These flashes were provided by a neody-
intensity was saturating2f). Measurements were done at Mium:yttriumaluminum garnet (Nd:YAG) pumped (355 nm)
room temperature (2025 °C). The flash-induced oxygen Optical parametric oscillator, which produces monochromatic
evolution patterns reported here were obtained as follows: flashes (1 nm full-width at half-maximum) with a duration
the direct current was recorded with a numerical oscilloscope, ©f 6 ns. Excitation was provided by a dye laser pumped by
and then the derivative versus time was computed math-the second harmonic of a Nd:YAG laser (685 nm, 1 mJ).
ematically. The derivative step @lused was d = 10 ms.  PSll was used at 25g of Chl mL™* in 15 mM CaC}, 15

The amplitude of the derivative signah, which is propor- MM MgClz, 1 M Betaine, and 40 mM Mes at pH 6.5. After
tional to the amount of @evolved per flash, was plotted ~dark adaptation fol h atroom temperature (2622 °C),

versus the flash number. Analysis of the flash-induced 0-1 MM PPBQ was added as an electron acceptor.
oxygen evolution patterns were done using the standard Fitting of the Flash-Induced Absorption Changes at 292

equations listed below assuming that the migsahd double- nm.For technical reasons, the analytic laser flash had a small
hit () parameters were equal on all flashes actinic effect. To partially take into account this effect, the

data were fitted using a double-hit parameter different from
—1_ zero. First, the two parameters,(miss) ands (double hit),
[O2ln = (1 = a)Salns + AlSelns (1) were calculated by using the procedure developed by Lavorel
) ) (53). Then, the 3 differential extinction coefficients¢y, Ae,
where [Q], is the amount of @evolved per PSII reaction andAe; (corresponding to the,S— Si, S — S, and S —
center after flasi, and [S]n-1 and [S]n-1 are the amount g yransitions, respectively) were estimated by using the
of S and $, respectively, before flash fitting procedure developed by Lavergne (r&4 and 55,
also see the Supporting Information).
[Sln=@Q = o= BIS_ddn1 T LIS 2y + Sl Time-Resaled Absorption at 820 nnExcitation flashes
(2) (300 ps, 532 nm) were provided with a Nd:YAG laser
(Quantel, Les Ulis, France) at a repetition rate of 1 Hz. The
Because [@], varies between 0 and 100% and the amount flash energy at the sample was varied betwedmJ cm
of O, evolved upon each flasty, is an arbitrary value, a ~ @nd ~250 4J cn? by insertion of neutral density filters.
scaling factor, was introduced into the fitting procedure ~Such variation was found to change only the amplitude of

to satisfy the relation [}, = fA. They axis in Figure 3  the absorption changes, while the kinetics were superimpos-
represents [@h. able within the signatnoise ratio after normalization of the

amplitudes. The measuring light was provided by a continu-

Kinetics of the $States in the DarkThe rate of reduction : s
) R ous wave (cw) laser diode emitting at 820 nm (SDL-5411-
(or “deactivation”), in the dark, of thes&nd S states was G1, Spectra Diode Labs, San Jose, CA). A cutoff filter

determined as foIIows._ Samples, dark-adapted fo on the RG780 was placed before the cuvette and an 820-nm
felectrode,_ were submitted to 2 flashes to form thestate ., interference filter (10-nm bandwidth), after the cuvette (path
in the majority of centers. Then, after a second dark period g — 10 mm, 2 mm broad). The measuring light intensity
(tfhe def?cuk\‘/atlon tlme), varyw;}g frfcl)mk(])..4 sto 60 mlnl, & SEMeS 3nd the flash-induced changes were monitored behind the
of 19 flashes was given. The flash-induced €volution sample, and the interference filter with a photodiode (FND

patterns were measured and fitted (using eqs 1 and 2), USinQLOO, EG and G, Salem, MA) was connected to an amplifier
the samenx and/ values determined from the flash-induced (HCA, 28 dB, DC-325 MHz; FEMTO, Berlin, Germany)

oxygen evolution pattern (Figure 3), and thgS¥#S/So and a digital storage oscilloscope DSA 602A with plug-in
contents after each dark time were deduced. For each sample;q o5o (DC-100 MHz, Tektronix, Beaverton, OR). Typically,
the concentrations 0fs5S;, and § versus the dark time after 1 gignals were averaged to improve the signal-to-noise ratio.
2 flashes were fitted globally using exponential decays as Thg kinetic data were fitted into a multiexponential decay
previously described (reR7, also see the Supporting yith 5 Marquart least-squares algorithm program kindly
Information). provided by P. Setif (CEA Saclay). Time zero was set at
The oxidation rate in the dark of the State into the § half-rise of the absorption increase. Fitting was started 10
state was determined using the following protocol. Samples ns after time zero to exclude a very fast phase with,a<
dark-adapted fol h (on the electrode) at room temperature 3 ns that might be due to the decay of singlet excited Chls.
(i.e., mainly in the $state) were submitted to 3 flashes to Relative amplitudes of the exponential phases are quoted
form the S state in the majority of centers. Then, after a for time zero. Samples were in a medium containing 10 mM
second dark period, varying from 0.4 s to 60 min, a series NaCl, 15 mM CaCJ, 15 mM MgCh, 1 M Betaine, and 40
of 19 flashes was given. The flash-induced &volution mM Mes at pH 6.5, with 0.5 mM PPBQ as an electron
patterns were measured and fitted using eqgs 1 and 2 to deducacceptor.
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EPR Spectroscopgw-EPR spectra were recorded using
a standard ER 4102 (Bruker) X-band resonator with a Bruker
ESP300 X-band spectrometer equipped with an Oxford
Instruments cryostat (ESR 900). Flash illumination at room
temperature was provided by a Nd:YAG laser (532 nm, 550
mJ, 8 ns Spectra Physics GCR-230-10). PSII sampled at
mg of Chl mL™* were loaded in the dark into quartz EPR
tubes and further dark-adapted fbh atroom temperature.
Then, the samples were synchronized in thestate with
one preflash40). After another dark periodfd h atroom
temperature, 0.5 mM PPBQ dissolved in }8© was added C 4 D
(the final concentration of MSO was~2%). After il- d
lumination by the indicated number of flashes, the samples
were frozen in the dark to 198 K, degassed at 198 K as
already described(), and then transferred to 77 K. Near- 9
infrared illumination of the samples was done directly in the
EPR cavity and was provided by a laser diode emittingat| =~ = ¥ Ly
820 nm (Coherent, diode S-81-1000C) with a power 0f600 55,0 3340 3360 3380 3320 3340 3360 3380
700 mW at the level of the Sampléﬁ)' Magnetic field (gauss) Magnetic field (gauss)

Fourier Transform Infrared (FTIR) Measuremerfer the FiIGURE 2: EPR spectra recorded on whole cells. (A) Spectrum a,
measurements ok&"/Peso FTIR difference spectra, PSIlwas  gpRr spectrum recorded on Whole cells. Spectrum b, EPR
depleted of Mn by an NFOH (10 mM) treatment fol h at spectrum of purified FeSOD from. elongatug57). Spectrum c,
room temperature in a 10 mM Mes-NaOH buffer (pH 6.0) EPR spectrum of purified cytochronsg50 fromT. elongatug68).

i The vertical lines indicate the resonances used for quantification.
containing 50 mM sucrose, 10 mM NaCl, 0.5 mM EDTA, (B—D) Spectra d, Ty EPR signal recorded in WTeells. (B)

and 0.06‘3/m;dodecyl;6—malt03|deﬁDM). The PSIl was then Spectrum e, Ty EPR signal recorded in Y1608sbD; cells. (C)
washed using the same buffer and concentrated to about Gspectrum f, Tys* EPR signal recorded in WhpsbD,) cells. (D)
mg of Chl mL™%, using a Microcon-100 (Amicon). The  Spectrum g, Ty EPR signal recorded in Y160F cells. For A, the
sample (5uL) was mixed with 0.5«L of 1 M potassium instrument settings were temperaterd5 K, modulation amplitude

ferricyanide and 0.%L of 20 mM silicomolybdate, lightly a_zé’ Génrgicrfc‘:‘é%‘fgt%?qwﬁ';ﬁewgg Té)céo‘l’("HaZ_e Eg?”g_”lg? ?Hi

dried on a Bafplate ur‘der N gas flow, and covered with  jnsiriment settings were temperatard 5 K, modulation amplitude
another Baf plate with 1 uL of water. The sample = 2.8 G, microwave power 2 uW, microwave frequency- 9.4
temperature was adjusted to 265 K in a liquid ¢dyostat GHz, and modulation frequency 100 kHz.
(Oxford DN1704) using a controller (Oxford ITC-5). FTIR
spectra were recorded on a Bruker IFS-66/S spectrophotom-calibrated as follows. The EPR spectra of whole cells were
eter equipped with an MCT detector (Infrared D316/8). The recorded (spectrum a of Figure 2A), and the relative
Psso™/Psgo Spectrum was obtained as a difference between concentration of the different batches of cells was estimated
the measurements in the dark fos and during illumination by using two internal EPR probes: (i) the three major
for 1 s. This dark-light cycle was repeated 1000 times, and resonances of the high-sp#= %, Fé" signal originating
the spectra were averaged. The final data were obtained asrom superoxide dismutase (FeSOD) (spectrum b of Figure
an average of the spectra recorded using two different 2A) (57) and (i) the g resonance of the unbound cytochrome
samples. lllumination was performed with continuous white ¢550 signal (spectrum c of Figure 2A58). The PSlI-bound
light from a halogen lamp (Hoya-Schott HL150) with a light  cytochromec550 seems to be undetectable under these
intensity of about 60 mW cfnat the sample surface. The  experimental conditions. In the course of this study, it was
spectral resolution was 4 crh found that the ratio of FeSOD to unbound cytochrar80
RESULTS was almost constant so that either of these proteins could be
_ _ considered as being proportional to the cell concentration.
Expression of the pshDGene and Construction of the |, addition, the concentration of these two proteins inside
Y160F MutantTwo psbDgenes are present in the genome he cells relative to PSIl (measured as Fyrwas not
of T. elongatugpsbDy andpsbD) (11). Because the relative  gjgnificantly affected by the different mutations made here

level of expression of these genes was not known in this (.eq 1t not shown). Additional features can be seen in Figure

Orgf“:.ismz i?h thgzear“t’ stages dOf thti)s "‘;]0”‘* _thethY1$2$ 2A: (i) signals at~1000 and 1600 G from unidentified e
mutation in the protein was done by changing the (ii) the 6 lines from M between 3000 and 4000 G (similar

(k-[\)c/)rgkicr?dgztlgo ;E(E)ZTz(n:e(gzri]el)Jrgol(j)o?romsgr?ﬁrvrr\?ttr;l%l:tall amounts of MK were found in the WT and mutants cells),
9 @ 9 9 ’ and (iii) the narrow Tys® signal at~3350 G, which is out

copies of thepsbDy genes were completely segregated, single . "
colonies of the Y160/psbD mutant cultivated on plates of scale under these recording conditions.

were grown in a liquid culture under a light intensity=e60 Figure 2B compares the amplitude of the PR signal
umol of photons m? s™%. The Typ, content in the Y160F  in the WT cells (spectrum d) to that in the Y16Q5sbDy
psbD mutant cells was estimated and compared to that in cells (spectrum e). The amplitude of the FYEPR signal
the WT cells, cultivated under the same conditions, by inthe Y160FpsbD cells was~50% of that in the WTcells.
measuring the Ty EPR signal (Figure 2). The amplitude Analysis ofpsbD in these Y160RsbD cells showed that
of the Typ* EPR signal in different batches of cells was the Sspl restriction site introduced together with the Y160F

A | . . \ . . .
2000 4000 3320 3340 3360 3380
Magnetic field (gauss) Magnetic field (gauss)
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mutation was retained. These results suggest that under these

conditions thepsbD; gene is expressed.
Therefore, before introducing the Y160F mutation in the
psbD gene, thepsbD, gene was deleted from the chromo-

some and replaced by a Cm-resistant gene cassette, WT-

(ApsbDy), (Figure 1). Figure 2C shows that the Fycontent

in the WT(ApsbD,) cells (spectrum f) was similar to that in
the WT cells (spectrum d), showing that the PSII content
was not affected by the deletion pEbD,. The option of
knocking outpsbD and introducing the mutation infassbD,

was not chosen because complications may arise from the

overlap betweerpsbC and psbD, (Figure 1). When the
Y160FpsbD mutation was introduced into the WAPsbD))
as the host cells (together with the addition of the His-tag
on CP43 encoded bgsbQ, the resulting cells completely
lacked the Tys® EPR signal (spectrum g of Figure 2D).

Two copies of thepsbD gene are also encountered in
Synechocystisp. PCC 6803 an&ynechococcusp. PCC
7942. Although the relative level of expression of rebD
andpsbD; genes is not clear, it has been shown {stiD
is constitutively expressed fBynechococcusp. PCC 7942,
whereas the transcription @sbD, occurs under high light
(350 umol of photons m? s71) (59). In Synechocystisp.
PCC 6803, it seems that onlpsbD is constitutively
expressed and thaisbD; is not expressed (M. lkeuchi,
personal communication). In earlier work &ynechocystis
sp. PCC 6803, to avoid potential problemgsbD, was
deleted before introducing the Y160F mutatiorpsbD (30,
31).

It is worth noting that, before we produced thsbD-
deleted strain, a strain was made in which psbD; gene

was inactivated by insertion of a spectinomycin/streptomycin-

resistant cassette and the Y160F mutatiopsbhD (together
with the addition of the His-tag opsbQ was introduced.

Sugiura et al.
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Ficure 3: Flash-induced oxygen evolution patterns. Data were
recorded during a sequence of saturating xenon flashes (spaced 400
ms apart) with WTthylakoids €) and Y160F thylakoids®). The
samples (Chk= 1 mg mLt) were dark-adapted fdl h atroom
temperature on the polarized bare platinum electrode. Amplitude
of the flash-induced oxygen evolution has been plotted so that it
corresponds directly to the percentage of centers in whiglis O
produced as explained in the Experimental Procedures. The
continuous and dashed lines are the results of the fitting procedure
for the Y160F and WTthylakoid samples, respectively. ThgS

ratio ando. and 8 parameters used for the fits are given in the
Results.

on the polarized electrode are shown in Figure 3. This
technique requires the use of thylakoids (or cells) rather than
isolated PSIl because sedimentation of the sample on the
bare platinum electrode is required. From the fit of the
sequences (eqs 1 and 2 in the Experimental Procedures), the
following parameters were obtained: in W& = 8%, =

Despite confirmation of complete segregation of the genome 7%, S = 85%, and = 15% (-, Figure 3); in Y160F o

in single colonies after cultivation on plates, during continu-
ous cultivation in liquid, we observed that (i) ttespl
sequence was lost aqbD reverted to the WT sequence
and/or (ii) thepsbD; gene recovered its normal length even

= 9%, 5 = 6%, S = 72%, and $= 28% (—, Figure 3).
The oo and 8 parameters were found to be similar in both
samples. By contrast, the proportion gf\@as significantly
higher in Y160F thylakoids. As expected, the absence of

though the resistance to spectinomycin/streptomycin was TYro® eliminated the conversion ofoSnto S, in the dark,
retained. These results indicate the occurrence of recombinaWhich normally occurs via thedyrp® — SiTyrp reaction

tion processes betwegisbD; and psbD, and the displace-

(40).

ment of the antibiotic resistance cassette within the genome. The stability of the $states in the Y160F enzyme was
The growth rate of the different strains was measured investigated by using a Joliot-type, @lectrode. The plots

either under moderate light intensity60 «mol of photons
m~2 s1) or low light intensity 15 umol of photons
m~2 s 1) (see the Supporting Information). When the cells
were cultivated under the moderate light intensity, the
doubling times of the WT WT(ApsbD), and Y160F cells

of the $/S,/S, concentrations versus the dark time in WT
and Y160F thylakoids are shown in parts A and B of Figure
4, respectively. Results from the fits are listed in Table 1.
In WT' thylakoids, the § S, and S concentrations were
free parameters in the fitting procedure. The-S; deactiva-

were approximately 16, 16, and 25 h, respectively. Under tion was found to be biphasic, and the three fitted curves

low light intensity, the doubling times were approximately

satisfactorily follow the § S, and S concentrations

33, 32, and 39 h, respectively. Also detectable was a markedmeasured experimentally (Table 1). In the Y160F thylakoids,

lag in the growth of Y160F cells, which is absent in the WT

and WTApsbD,) cells (see the Supporting Information).
Oxygen Rolution. The oxygen evolution activities of

purified WT —PSIl and Y160FPSII measured under con-

the experimental data points are qualitatively different: (i)
decay of $ was well-fitted using a single exponential, and
(ii) the formation of S did not correspond to the sum of the
decay of $and S. The best fit of the data in Figure 4B

tinuous saturating light were found to be similar and close was obtained by using onlys&nd $ concentrations as the

to 3500umol of O, mg* of Chl h™! using DCBQ as an
electron acceptor at 28 and pH 6.5.

Flash-Induced Oxygenu6lution and S-States Deac#-
tion. Flash-induced @ evolution patterns from WTand
Y160F thylakoids dark-adaptedrf@ h atroom temperature

free parameters. While the fits are satisfactory for thar&l

S, concentrations, for the longer dark periods, the calculated
curve for the $concentrations deviated significantly from
the experimental data (Figure 4B). This suggests that in
Y160F thylakoids the kinetic model was not fully appropri-
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Ficure 4: Deactivation kinetics. Deactivation of the &\d S states
and formation of the Sand $ states after 2 saturating flashes, at
room temperature, in WTthylakoids (A) and Y160F thylakoids
(B). (C) Kinetics of the §—S, state conversion after 3 saturating
flashes in WT thylakoids ©) and Y160F thylakoids®). See the
Experimental Procedures for other details.
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Table 1: Deactivation Kinetics forsSS;, and $*

S—S S—S S5

% tin % tue % tu

76 49min 100 7.5min 62 9.9 min
24 78s 38 constant
Y160F thylakoids 100 5.8 min 100 8.2 min not observed

WT' thylakoids

a Deactivation kinetics of the sSstate into the Sstate and the S
state into the Sstate and kinetics of oxidation in the dark of the S
state into the Sstate in WT and Y160F thylakoids.

after the 2 preflashes, the ®vel was~8% and increased
with aty;, of approximately 30 min to reactk¥30% after 60
min. Such results show that, under conditions in which the
Y160F thylakoids were sedimented onto a polarized elec-
trode, there is probably a slow reduction qfi® ~30% of

the centers.

For the short dark periods, where the kinetic model is not
complicated by the apparent slow decay af fsults in
Figure 4 show that the fast phase with,aof 7.8 s, observed
for the S reduction in WT thylakoids, was absent in Y160F
thylakoids. This confirms the suggestion made ear®a) (
that thety, of 7.8 s in WT thylakoids corresponds to the
reduction of ginto S, by Tyrp. The slow phase for the;S
reduction into 3in WT' thylakoids was found to be similar
to the main phase in Y160F thylakoids. The rate of S
reduction into $ was found to be close in the W&nd
Y160F thylakoids.

The oxidation rate in the dark of the State into the §
state in samples prepared to contain a high amoung afes
shown in Figure 4C for WTand Y160F thylakoids. The
data were fitted using eq 6 in the Experimental Procedures.
In WT' thylakoids, the disappearance of thestte occurred
with aty, of ~ 10 min for 62% of the initial $concentration.
The remaining 38% of the initialQ®oncentration was longer-
lived than the time scale used here. In Y160F thylakoids,
the S state was stable in the experimental time range. These
results clearly confirm that the oxidation in the dark from
S to S (60) results from the yrp® to the STyrp reaction
(40).

The rate of oxygen release on thgT®z — SoTyrz
transition can be roughly estimated with the electrode used
above 27, 61). Thet,, for the oxygen release was estimated
to be -2 ms both in WT and Y160F thylakoids (see the
Supporting Information). This confirms that the mutation had
no effect on the limiting step in the oxygen evolution process.

Peso™ Reduction KineticsFlash-induced absorption changes
at 820 nm were measured with a time resolution of about 3
ns on WT—PSII and Y160FPSIl (see the Supporting
Information). The Y160F mutation had small but reproduc-
ible effects on Byg' reduction, namely, a slight acceleration
in the tens of nanoseconds scale and some slowing in a scale
from a few microseconds to a few hundreds of microseconds.
Five exponentials were required for acceptable fits in the
range from 10 ns to 1.6 ms. With more than five exponen-

ate. This is further supported by the time dependence in thetials, the best-fit parameters varied considerably between

dark of the $ concentration. While in WTthylakoids, the

independent experiments on the same type of sample. The

S, concentration was found almost constant during the dark best-fit parameters with five exponentials were for W,

periods (&, Figure 4A), in Y160F thylakoids, the ¢S
concentration increased slowly in the dark, (Figure 4B)

probably to the detriment of ;S This would explain the
overestimate of Sin the fitted curve. In Y160F thylakoids,

(@)= 19 ns (28% of the total decay),, (b) = 92 ns (19%),
tiz (€) = 2 us (19%),tyz (d) = 35us (23%), and, () =
211 us (11%); and for Y160Ft1, (@) = 16 ns (30%)t12
(b) = 70 ns (22%) t12 (c) = 3 us (12%),t12 (d) = 49 us
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clearly visible at least until the 23rd flash. Using the formula

4000 AWT developed by Lavorel5Q) and the oscillating patterns in
S 2000 Figure 5, the following values were obtained: in WPSII,
— o = 6% andf = 5%; and in Y160FPSII, . = 7% andp
X = 6%. The miss parameters are close to those obtained in
§ 0 Figure 3 for the flash-induced oxygen evolution patterns, and
NS they show that the Y160F mutation has also little effect on

-2000

the oscillating properties in purified PSII. In this experiment,
the double-hit parameter does not depend on the PSII
properties and cannot be compared to those determined in
Figure 3 (see the Experimental Procedures).

Data in Figure 5 were fitted as described in the Experi-
mental Procedures) Figure 5). The first data point was
B: Y160F not included into the fit as discussed earliBb) In dark-
adapted WT-PSII, we obtained 100% ;Sand in dark-
adapted Y160FPSIl we obtained 79% ;Sand 21% &
These percentages are close to those deduced from the fits
of the flash-induced oxygen evolution patterns (Figure 3).
The A¢g, A€, andAe; corresponding to theeSS,, S-S,
and $S—Sg transitions, respectively, found here were 0.20
x 1078, 2.26 x 1073, and 1.24x 1073, respectively. These
values are remarkably close to those found earlier at 292
2 4 6 8 10 12 14 16 18 20 22 nm in PSII from plants (55).

FlouRe’s: Sequence of the am'gﬁ:hdzug;t:ﬁ; absorption changes at Flash-Induced Absorption Changes around 430 Rigure
IGURE 5: u itu i ; :
292 nm. Measurements were done during a series of saturating6 SIhOWS the absorption changes from 415_ t0 450 nm in
flashes (spaced 400 ms apart) given on "WHSII @, A) and WT'—PSII (A) and Y160FPSII (B) after the first 6 flashes
Y160F—PSII @, B). The samples (Ch 25ug mL™1) were dark- of a series. Measurements were done 5 ns after the flashes.

a&a%g% (50 (1d igs?)tl\iggr?ntﬁllrzsloggat%% ?ﬁggseuﬁgﬁq ;?tgit\i/sgrgfd%)?]% In this spectral region, the redox changes of several species,
u . . .

300 ms after each flash. Open symbols and dotted lines correspondsuch a§ the Chis , cytochromes, and ;Tyglve rise to

to fitted data calculated as described in the Results. absorption changes. The largest absorption change however

is expected to reflect the formation ofgf" upon light-
(25%), andy, (€) = 316us (11%). The qualitative mutation  induced oxidation. It gives rise to a strong bleaching in the
effects described above are reflected in the fit parameters430 nm region. In WT—PSII (A), the spectra observed after
mainly by slightly shortert;, values and larger relative each flash in a series were slightly but significantly different.
amplitudes of the two fastest phases a and b, a lohger  After the second flash®), i.e., in the $Psg" state, the
and smaller amplitude of phase c, and a longgrof the spectrum was slightly red-shifted when compared to the
slowest phase e. spectrum after the first flash, i.e., in thePss" state Q).

We consider these fits as the simplest acceptable math-Figure 6C shows a plot of the absorption changes measured
ematical description of our experimental data, rather than at 439 nm in WT—PSII (®) upon each flash of a sequence.
as a true representation of all kinetic processes involved in A clear period four oscillation is observed. Similar oscilla-
the reduction of Ro". Because B reduction is knownto  tions occurred at all wavelengths above 433 nm, and below
depend on the S states and to be already multiphasic in eacli33 nm, the oscillating pattern was inverted. In Y160F
S state §7—39), more than five kinetic phases are likely to  pgj|, the spectra differ slightly from those in WAPSII (B)
contribute under repetitive excitation conditions. An im-  and variations of the spectra depending on the flash number
proved signal-to-noise ratio would be required to resolve a \yere |ess-marked in Y16GFPSII @, Figure 6C) than in
larger number of kinetic phases. Nevertheless, our datayy1_pg @ in Figure 6C).
provide a global view of the effect of the absence ofpfyr
on the reduction kinetics ofegt.

Flash-Induced Absorption Changes at 292 nirhe

_4000 | L | ! | 1 | | ! | || 1 | | 1 |
2 4 6 8 10 12 14 16 18 20 22
Flash number

4000 -

2000

-(A) x 106

-2000

_4000llllllllllll[llllllll

Several nonexclusive hypotheses may account for this
dependence upon the S states of the absorption changes

: - : - bserved shortly after the flash: (i) it may reflect the S
litude of th tion ch flash ill tion ©
amplitude of the absorption changes upon flash illumination state-dependentsg* reduction rate, (ii) B or other Chls

was measured in the hundreds of milliseconds time range: . )
(i.e., after the reduction of Tyrby the MnCaQ, complex in the PSIlI complex may undergo an electrochromic shift
was complete) using a Joliot-type spectrophotom@@rs2, upon the; %state_turnover, or (iii) a phange may occur in
55) at 292 nm. This wavelength corresponds to an isobestic the relative contribution from the various Chis (such as P
point for PPBQ/PPBQ (not shown) and is in a spectral
region where the absorption of the MBaQ complex 3Values of the extinction coefficients correspond to samples with a
depends on the S statesh). Chl concentration of 2xg mL~! with 43 Chls per PSII reactior27)

; Hlati ; ; and a path length of the sample of 2.5 mm. In the previous work on
Figure 5 shows the oscillation pattern in the absorption PSII from plants %5), values of the extinction coefficients corresponded

amplitude at 292 nm@ and M, —) observed with WT— to samples with220 Chls per PSII reaction center, the Chl concentra-
PSII (A) and Y160FPSIl (B). Period four oscillations are  tion was 12.5ug mL™%, and the path length of the sample was 15 mm.
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Ficure 6: Difference spectra around 430 nm. In A (for WT .

PSIl) and B (for Y160F-PSll), flash-induced absorption changes duently, theAeo, A€y, and Ae; in Y160F—PSII must also
were measured 5 ns after each flash (spaced 400 ms apart) of dliffer from those in WT—PSII, as expected, because the
sequence: 1st flasiO], 2nd flash @), 3rd flash {), 4th flash spectra differ in A and B of Figure 6.

(m), 5th flash @), and 6th flash4). (C) Sequence of the amplitude B .
of the absorption changes at 445 nm measured 10 ns after each From the data in Figure 6A, it also appears that the flash-

-(AI/1) X 106
&
Y

flash of a series in WF-PSII () and Y160FPSII (@). Other induced spectral changes were more pronounced above 433

conditions are the same as in Figure 5. nm than below this wavelength. This could occur if the P
spectrum, in addition to being red-shifted, is also slightly

and B;,) undergoing absorbance changes upggtRorma- broader than the d? spectrum. Such a broadening could

tion. Discriminating between the two latter hypothesis is indicate a slightly different electronic coupling between P
difficult; however, the first hypothesis is unlikely to account and R, in the R;Pp," states in Y160FPSII.
solely for the oscillating pattern because, in this case, one FT|R Spectra of Rg"/Peso. Figure 7 shows thedgs/Psso
would observe homothetic spectra upon each flash in a seriegjifference spectra in Mn-depleted WAPSII (spectrum a)
and this is not seen in data shown in parts A and B of Figure gng Y160F-PSII (spectrum b). The overall features were
6. basically similar. In particular, the frequencies and intensities
Irrespective of the origin of the oscillating spectral of the negative peak at 1700 cfrand the positive peaks at
contribution, the data for WFPSII in Figure 6C can be 1724 and 1709 cnt were virtually unchanged. These bands
fitted with the same protocol as that used in Figure 5 and by were attributed to the keto=€0 stretching bands of ¢&
using the miss and double-hit parameters and /& &tio (negative peak at 1700 crthand positive peaks at 1724 and
used to fit the flash-induced absorption changes at 292 nm1709 cn1?) (62—64). This indicates that the charge distribu-
(see the Supporting Information). This fitting procedure tion and basic structure of& did not drastically change in
results in 3 extinction coefficient®\eo, A€, and Ae; Y160FPSII. Nevertheless, one clear change was observed
corresponding to the absorption changes upon formation ofin the small positive peaks at 1751 and 1742 tifinset ¢
the SPesso™, SPsso’, and SPsgo’ transitions, respectively. This  of Figure 7). The 1751 cmt peak diminished, and the
allows us to simulate a theoretical flash sequence by keepingintensity of the 1741 cmt peak increased in Y166FPSII.
constant the 3 extinction coefficientg, Ae1, andAe; and The double difference spectrum in this region (inset d of
by varying the ¥, ratio from 1:0 to 0.7:0.3, i.e., values Figure 7) showed a{/+/—) peak pattern at 1753/1742/1733
close to those found in WFPSIl and Y160FPSlII, cm~* with the positive 1742 cmt peak being strongest,
respectively. The result of such a procedure clearly showedsuggesting that the possible differential signal at 1794 (
that the weaker oscillations in Y166#SlIl could not be ~1742() cm* downshifted by about 10 cntin Y160
explained only by a higher proportion of & the dark- PSII. It is noted that this signal change was reproducibly
adapted material (see the Supporting Information). Conse-observed with different batches of the sample (although we
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cannot completely eliminate the possibility that these changes g value
occur upon the Mn depletion procedure, the robustness of
the Y160FPSII seems to argue against this hypothesis). ]
These peaks have been attributed either to the carbomethoxy 0 A
C=0 stretch of a Chl moleculeé§) or to the G=0 stretch
of a protonated carboxylic acid of the protei@6). The
former assignment seems more likely because no carboxylic
acid residues are found within 10 A around both Jand
Pssoin the X-ray crystal structurerj. We cannot completely : ~=7\
eliminate the possibility.

EPR Spectroscopyrigure 8 shows the EPR spectra a
recorded 89 K on Y160FPSII. Spectrum a was recorded
on a sample in the ;Sstate, and spectrum b was recorded b

after the sample was illuminated by one flash at room
temperature, i.e., in the,State. Spectrum b exhibits the-S
multiline signal. The additional features that can be seen in
the spectrum (Figure 8A) are as follows: (i) theandg, N T T e
resonances of cytochromeb50 at~2230 and~2920 G,

respectively §0), (ii) a signal atg = 4.3 (1600 G) from a 0 1000 2000 3000 4000

contaminant P&, and (iii) the amplitude of the signals gt

= 7.6 and 5.5, which originate from the oxidized non-heme Magnetic f|e|d (gauss)

iron and oscillate with a period of 2 because of oxidation of

the Fé&" by the semiquinone form of PPBQ on the odd- B
numbered flashes, followed by reduction ofFby Q. on
even-numbered flashe67).

The lightminus-dark spectrum showing the multiline
signal with better resolution than in Figure 8A is shown in
spectrum c¢ of Figure 8B. A narrow structureless signal c
aroundg = 2 was light-induced together with the multiline
signal (spectrum c of Figure 8B). The width of this signal is
approximately 8 G, and thggvalue is close to 2.0032. Using
the amplitude of the Smultiline signal in WT—PSII and
that in Y160FPSII as references, the value of the double
integral of the narrow light-induced signal in Y160PSlII
was estimated to be approximately 8@23% of that of Typ®
in WT'—PSilI, i.e., arising in about 0-20.3% of the centers.
The narrow radical and the multiline signal were measured
after various dark periods at room temperature following the

flash illumination (not shown). The multiline signal decayed 2500 3000 3500 4000

with a t, ~ 8 min. The majority of the narrow signal

decayed also withy, ~ 8 min, while approximately 20 Maanetic field (gauss
30% of the signal decayed withtg, ~ 1 min. The possible g i (g )
FiIGURE 8: EPR spectra in untreated Y160PSII. (A) EPR spectra

origins for these narrow signals will be discussed below. ; A
. o ; . . were recorded in dark-adapted Y160FSl|, i.e., in the g state
To optam an gmultiline signal without mten‘erences from (spectrum a) and after 1 flash given at room temperature (spectrum
other signals, we developed the following protocol. After p). Instrument settings: modulation amplitude, 25 G; microwave
the S-multiline signal was recorded (spectrum c of Figure power, 20 mW; microwave frequency, 9.4 GHz; modulation
8B), the sample was further illuminated by a 820-nm light frequency, 100 kHz; and temperature, 9 K. [CR]1 mg mL™.

at 50 K in the EPR cavity. This near-infrared illumination (B) Spectrum c is the Sminus-§ spectrum. Spectrum d corre-
sponds to a difference spectrum obtained by subtracting the

has bgen shown to convert the smﬁ/z'sz-multll!ne signal spectrum recorded after a 820 nm illumination at 50 K to that
state into ars > %/ spin state characterized by signals around recorded before the near-infrared illumination. Spectra ¢ and d were
g = 9 in cyanobacteria5g). Spectrum d of Figure 8B is the  recorded with modulation amplitude equal to 18 G.

difference signal of the before-minus-after 820-nm illumina-

tion and corresponds to thex-Bltiline signal, which The interest of the new Y166HPSII preparation in EPR
disappeared upon near-infrared illumination. Under these spectroscopy is further demonstrated in the study of a series
conditions, the smultiline signal is free from any radical  of so-called split signals4@, 51, 68, 69). The 176-G-wide
signals atg = 2. Using instrument settings appropriate for signal induced by near-infrared illumination in the Sate
radical detection, it was verified that the amplitude of the of the enzymeZ1, 51) has been attributed toByr;* formed
light-inducedg = 2.0032 radical signal did not vary upon by a near-infrared-induced back reacti@i)( In this state,
infrared illumination (not shown). To our knowledge, Tyrz has a spin=1/; and S is thought to have a spis 7/,
spectrum d of Figure 8B is the first report of ther8ultiline (72). Spectra in Figure 9 show the 176-G-wide signal induced
signal with no interference from any superimposed signal by near-infrared illumination in the;State of either W'F-

in the central part of the spectrum. PSII (spectrum a) or Y160FPSII (spectrum b). To form
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Ficure 9: Split signal induced by IR light in &S Spectra light
induced by an illumination at 820 nm, at 50 K, of WAPSII
(spectrum a) and Y166FPSII (spectrum b). Instrument settings:
temperature, 4.2 K; modulation amplitude, 2.8 G; microwave power,
20 mW; microwave frequency, 9.4 GHz; and modulation frequency,
100 kHz. The central part of spectrum a corresponding to the
Tyrpregion was deleted.

the S state, dark-adapted PSIlI was illuminated by one
preflash and then, after a second dark adaptatiod fo at
room temperature and the addition of PPBQ, the samples
were illuminated by 2 additonal flashes. The shape of the
infrared-induced signal is similar to that recorded previously
with a lower modulation amplitude?() but is shown here
without Tyr®, which obliterated much of the spectrum.

A further example is the light-induced signal in acetate-
treated PSI149). This signal has been attributed to the S
Tyrz* state inSynechocystisp. PCC 6803 (72). In this case,
S, is attributed to a spirs Y/, state 49, 50). The split signal
in acetate-treated PSIl is shown in Figure 10A. Spectrum a
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was recorded on a dark-adapted sample, and spectrum b was

recorded after flash illumination at room temperature.
Spectrum c¢ corresponds to the light-mirderk spectrum.
Magnification of spectrum ¢ shows that a smaHrBultiline
signal and a small signal at= 4.25 were induced by the
illumination. The signal agj = 3.02 is very likely due to the
oxidation of cytochrom®&559 in a proportion of the centers.
Figure 10B compares the split signal in acetate-treatettWT
PSII (spectrum e) to that in Y166HPSII. Again, the central
part of the signal is resolved for the first time. It should be
noted that a very small (in less than 1% of the reaction
centers) narrow-free radical together with the split signal is
also light-induced in this kind of sample. Nevertheless,
because of the high microwave power, the high modulation
amplitude used, and the very small amount of this light-
induced radical, its contribution in spectrum e of Figure 10B
is negligible.

DISCUSSION

We describe the first single amino acid site-directed
mutagenesis of PSII il. elongatusthe thermophilic species
that has provided the current crystallographic model of the
enzyme (). In T. elongatustwo genes potentially encode

Magnetic field (gauss)

FIGURE 10: EPR spectra in acetate-treated Y166¥SII. (A) EPR
spectra were recorded in dark-adapted Y16PBII, i.e., in the $

state (spectrum a) and after 18 flashes (spaced 500 ms apart), given
at room temperature (spectrum b). Instrument settings: modulation
amplitude, 18 G; microwave power, 20 mW; microwave frequency,
9.4 GHz; modulation frequency, 100 kHz, and temperature, 9 K.
[ChI] ~ 1 mg mL1. Spectrum c is spectrum b minus spectrum a.
(B) Light-induced signals recorded on an expanded scale in
Y160FPSII (spectrum d) and WFPSII (spectrum e). In spectrum

e, the Typ’ region has been deleted.

the D2 protein in PSllpsbD andpsbD,. Using the Typ®
EPR signal as a probe, it is shown here that, after introducing
the Y160F mutation into D2, a change that affects the growth
of the cells particularly under higher light intensities, the
expression of the second D2 gemsiDy) attains~50% of

that of psbD. For this reason, thesbD, gene should be
removed before mutating both the first D2 gepsi{Dy) and

the gene for CP436bQ in a single step, thereby introducing
the Y160F mutation in the D2 protein and adding the His-
tag to CP43.
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The interruption of thepsbD; gene with an antibiotic-

Sugiura et al.

Y160F thylakoids, we found that;$ould be very slowly

resistant gene cassette, rather than its removal, was foundeduced {3, ~ 30 min) into $ in 20—30% of the centers.
to be inappropriate as an experimental system, because th&@he reason of this instability remains to be determined. A

mutations in thgosbD, gene reverted to the normal sequence,
the psbD, gene reverted to its normal length, yet the antibiotic

similar instability for S in a small proportion of WFPSII
centers would remain not detected because of a compensation

resistance was maintained. These effects lead us to proposey the $Tyrp® — S Tyrp reaction.
that recombination between the two D2 genes can occur in  Kinetics of Rgs" reduction in WT—PSIl and Y160F

this species.

Under a light intensity equal to 6@mol of photons m?
s 1, the growth of the Y160F cells was significantly slower
than that of the WTcells. Therefore, the Y160F mutation
creates a new limiting step in the cell growth. Such a slow
down for this kind of mutant has already been observed in
Synechocysti§803 @0, 31) and ascribed to a decrease in
the efficiency of photoactivation, the process by which the
Mn cluster is assemble@®1). This suggestion was recently
supported by experimental work in which it was shown that
photoactivation occurs with greater efficiency in t8gn-
echocystis803 WT than in the Y160F mutardl).

The rate of oxygen evolution in Y160F was similar to that

PSII exhibit very small differences. As mentioned above,
the use of repetitive flash illumination only allowed us to
have a global view of the effect of the mutation. A small
slow down in the microsecond time scale was nevertheless
observed. Changes in this time domain have been proposed
to correspond to the reorganization of the hydrogen-bonding
network around Ty, which in turn could affect thedgs'-

Tyrz < Psgolyrz® equilibrium @7, 74).

Another effect of the Y160F mutation was a slight
acceleration of the fastest part (tens of nanoseconds time
scale) of the Rg' reduction. This effect was accounted for
by a slightly shorter half-life time (16 ns instead of 19 ns in
the WT) and a slightly larger amplitude (30% instead of

in the WT in the isolated enzyme. It has been recently shown 28% in the WT) of the fastest phase. However, because of
that the replacement of €aby SP* in the Mn,CaQ, cluster, the weakness of the effects and the possibility of compensa-
which resulted in a slow down of oxygen evolution from 1 tion between phases and between half-life times and ampli-
ms to 5-7 ms, had no effect on the growth rate of the cells tudes in multiexponential fits, we would not exclude that
(27). Therefore, to explain the slower growth of Y160F cells, either only the half-life time or only the amplitude of the
we have to invoke an effect of the Y160F mutation either fastest phase was modified by the mutation. A larger
on the electron-acceptor side of PSII or on processes differentamplitude of the fastest phase in the mutant would be most
from electron transfer, such as PSIl assembly or repair. easily explained by a higher average proportion of centers
Thermoluminescent experiments (not shown) indicate thatin S and S, to which the fastest phase has been assigned
the redox potential of Q/Qa is unaffected by the Y160F (35). A slightly higher proportion of & and S under
mutation. This suggests that the slower growth rate is not repetitive excitation might be supported by our observation

due to a change in the redox properties af (As suggested
earlier @1, 40, 41), a role for Typ in photoactivation of the

of a higher stability of $in Y160F—PSII compared to that
in WT'—PSII (see Figure 4). An acceleration of the fastest

enzyme seems the most likely explanation for the slow down phase of the &¢* reduction may result from a modification

in growth of the mutant. The longer lag phase before growth
takes off in the Y160F mutant might be explained in the
same way. When photoactivation is less-efficient, the Mn-

of the Rgd/Psgst properties as discussed below.
Our results on the reduction kinetics ag#? differ slightly
from a comparable study o@hlamydomonasn which a

free PSII is probably particularly susceptible to photodamage qualitatively similar mutation effect was observed in the

especially when cell densities are low and the light intensity
is relatively high.

microsecond scale, but no significant differences were found
in the nanosecond time scale (the reported fit parameters of

The flash-induced oxygen evolution measurements (in the fastest phase wetg, = 14 + 3 ns (37%) in the WT
thylakoid membranes) and the flash-induced absorption and 15+ 3 ns (38%) in Y160FPSII) 45). It is not clear
changes measured at 292 nm (in isolated PSIl) both showwhether the deviation from our results is due to the different

that the ratio g is much higher in dark-adapted WA
PSII than in dark-adapted Y166fPSII. The lower concen-
tration of the g state in WTis due to the §l'yrp* — S;Tyrp
dark reaction40), which obviously cannot occur in the Tyr
less mutant. InT. elongatusthe presence of a significant
amount of reduced Tyrin the WT had little effect on the

species, to the quality or stability of the PSII complexes (PSII
from Chlamydomonais more susceptible to damage during
isolation than that fronT. elongatuy or to an insufficient
signal-to-noise ratio or time resolution (the data presented
in ref 45 were digitized at 20 ns/channel compared to 1 ns/
channel in our study).

miss and double-hit parameters, and this contrasts with what The difference spectra close to the Soret bleachingf P

is observed in plant PSII. This is due to the rate of the S
Tyrp — S Tyrp® (and STyrp — S Tyrp*) reaction being slow
in PSIl fromT. elongatugelative to the dark time between
the flashes of a sequence (see below and 2&fand 73).
The main reduction reactions in the dark of the enzyme

in the S state back to the Sstate and of the Sstate back
to the S state are not significantly modified in the Y160F
mutant. It is seems therefore likely that both théSsand
S,/S; couples have the same redox potential in "WHSII
and Y160FPSIl. The fast phase with 5, for S; decay
close b 8 s and that is present in 24% of W&action centers
probably corresponds to theT§rp — S, Tyrp® reaction. In

upon flash illumination revealed a red shift in WAPSII,
which oscillated with a period of 4. In Y166HPSII, this
oscillation was attenuated. It has been proposed that P
absorbs at a slightly higher wavelength than,R.e., 436
versus 433 nm1(7). A small displacement to the right of
the Ry "Pp2 <> Pp1Po2™ equilibrium in the $ and S states
when compared to the situation in thegehd S states would
account for the oscillating red shift of the spectra observed
in WT'—PSII. The results obtained above would suggest that
in Y160FPSII the B;™Po, <> Pp1Po,t equilibrium would

be less-modified by the redox state of the J@aQ, cluster.
This may occur if in Y1L60FPSII the Bl+PD2 g PD]_PDz+
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equilibrium in the $ state was already slightly shifted to
the left in the mutant compared to the WBuch a shift in
favor of Ry;TPp, correlates with the slightly faster reduction
of Pegg™ Observed in Y160FPSII. We may imagine a model
in which the absence of Tyrwould slightly affect the posi-
tion of the His189 (hydrogen bonded to ym WT'—PSlI),
which in turn would affect the proton network aroung,P
and therefore would induce an electrostatic constraintn P
The FTIR difference spectrum ofeddt/Psso Shows that
either a carbomethoxy=€0 stretch of a Chl molecule or
the G=0 stretch of a protonated caboxylic acid of the protein
side chain downshifted about 10 chupon mutation, al-
though the keto €O stretching bands of neutrakd and
Psso™ were virtually unchanged. If the former assignment is

Biochemistry, Vol. 43, No. 42, 2008561

was in equilibrium with the spirs ¥/, S, state giving rise to

the multiline signal. Given the very minor influence of pyr
removal, it seems likely that the same radical species exists
in the WT—PSII but that until now the Ty EPR signal
prevented its detection. An estimate of the proportion of
centers in which it is detected indicated that the equilibrium
would be $ multiline (>99.8%)< radical (<0.2%). The
chemical nature of the radical is not clear. However, the
current view of the redox equilibria, Mt¥TyrzPsgo <> Mn,-
Tyrz*(H")Psgo<> TyrzPsgs™, leads to the prediction thatdd™

will be present at a concentration in the order of 0.1%
(discussed in ret5), i.e., close to the concentration of the
radical detected here. Thereforggd® might be considered

as a possible candidate. Freezing of the sample will have an

the case, then we have to assume that the hydrogen-bondinginpredictable effect on such equilibria; however, if agyP

interaction of the carbomethoxy=€O of Py, with D2-Ser282

becomes trapped, we might expect thatgkearotene would

(64) becomes stronger by perturbation of the hydrogen-bonddonate an electron in the 20-ms time scale at a low tempera-

network between 2 and Typ upon Y160F mutation. In
any case, the FTIR data suggest that the interactiorsgf P
itself or the vicinity of Rgo is slightly affected by Ty
deletion.

The proposed electrostatic influence of 3H™) on R,
reviewed in ref32, is clearly absent. This supports the earlier

ture (76, 77). Thef-carotene cation seems to mediate electron
transfer from the cytochromigb59 or from Cht when the
cytochrome is preoxidized¢). In our material, cytochrome
b559 is in a high redox potential and therefore reduced in
the majority of the center28). However, the radical seen
here could reflect thg-carotene or Chlcation in the fraction

observations in the less well-characterized and probably lessof centers in which cytochromigb59 is preoxidized.

intact material fronChlamydomonagt5). However, in Mn-
depleted PSII, it seems likely that the formation of thepfyr

The signal induced by near-infrared illumination of the
S; state (Figure 9) has the expected pattern of a split signal

radical does indeed generate a positive charge, which isarising from a radical magnetically interacting with a metal

maintained in the vicinity of Ty at least at higher pH

center. By contrast, the light-induced signal in acetate-treated

values. The lack of an electrostatic effect in the intact enzyme Y160FPSII differs from what is expected from the

can be explained if the proton acceptor [the His189 or

simulated spectrébQ, 78—80). The main surprise is that the

GInl64, ()] is already protonated under the conditions tested. signal in Figure 10 exhibits a central line in addition to the
Because the pH used is thought to be close to the pH inexpected splitting. Although there are several possible
vivo, then clearly, we can conclude that the putative explanations, it seems the simple models applied previously

electrostatic effect is not of importance to the normal enzyme of a spin= Y/, radical interacting with a noninteger spin

function. We cannot rule out an effect at higher pH values,
and future studies will focus on the influence of the Y160F
mutation at higher pH. It thus remains possible thatpTyr

could have an electrostatic role during photoactivation.

system such as the Mn-cluster (spirt/,) system generated
at the same time should be reassessed at least to describe
the situation in a fraction of the centers.

Future EPR studies and simulations will be done using

Further experiments on Mn-depleted PSII are required to testthe Y160FPSII preparation described here. This enzyme,

for such effects.

Overall we have achieved our aim of engineering and
isolating a fully intact PSII that lacks the tyrosyl radical
Tyrp'. The absence of the tyrosine has only weak influence
on the function of the enzyme other than the specific
reactions associated with the redox reactions ofTie.,
the Ty'So—TyrpS; conversion, and the;Byrp—S, Tyrp® and
SsTyrp—S,Tyrp® conversions. This constitutes the ideal

material for a range of spectroscopic studies and particularly

engineered specifically to facilitate such spectroscopic stud-
ies, should prove as a new useful tool in work on the enzyme
function.
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SUPPORTING INFORMATION AVAILABLE

for EPR spectroscopy. To show that the EPR signals from  Growth curves, Ro" kinetics, oxygen-release kinetics, and

PSII can indeed be obtained free of the “Fyglitch”, we

fitting procedures. This material is available free of charge

have presented here three demonstration spectra: (i) thevia the Internet at http://pubs.acs.org.

multiline signal of the Mn cluster in the,State (Figure 8),
(i) the STyrz* split signal generated when the enzyme is
inhibited with acetate (Figure 10), and (iii) another split signal
generated by IR illumination of the;State (Figure 9).

The central part of the ;Snultiline signal reveals, not
surprisingly, two more lines. Although these lines will
probably have a small influence on the information available
from simulations, we commend the new clean signal to the
simulators.

A new radical signal was detected in the flash-induced S
spectrum in Y160FPSII, and this species behaves as if it
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