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Abbreviations

Chl, chlorophyll; Chb:/Chlp,, monomeric Chl on the D1 or D2 side, respectivBIigMU, 3-
(3,4-dichlorophenyl)-1,1-dimethylurea; DMSO, dimgdthulfoxide; EPR, Electron
Paramagnetic Resonance; FC@®trifluoromethoxy)-phenylhydrazone; FTIR, Fourier
transform infrared; MES, 2N-morpholino) ethanesulfonic acidgdg primary electron donor;
Pp1 and R, individual Chl on the D1 or D2 side, respectivelfhich constitute a pair of Chl
with partially overlapping aromatic rings; Plag@nd Pheg,, pheophytin on the D1 or D2
side, respectively; PPBQ, phem#benzoquinone; PSII, Photosystem Ik, @rimary quinone
acceptor; @, secondary quinone acceptor; TL, thermoluminesEeWer*3, T. elongatus
mutant strain containing only thmsbA; gene, 43-HT. elongatus mutant strain which has a

His-tag on C-terminus of CP43.



Abstract

The monomeric chlorophyll, Cki, which is located between thg:Pp, chlorophyll pair and
the pheophytin, Pheg is the longest wavelength chlorophyll in the he&fhotosystem I
and is thought to be the primary electron donercéntral Mg is liganded to a water
molecule that is H-bonded to D1/T179. Here, twe-glirected mutants, D1/T179H and
D1/T179V, were made in the thermophilic cyanobactey Thermosynechococcus elongatus,
and characterized by a range of biophysical teclesigThe MyCaG; cluster in the water-
splitting site is fully active in both mutants. CGiges in thermoluminescence indicate ihat
radiative recombination occuvi the repopulation of *CB} itself; ii) non-radiative charge
recombination reactions appeared to be fasterei tYy9H-PSII; andi) the properties of
Po1Pp2 were unaffected by this mutation, and consequewvitiihe immediate precursor state
of the radiative excited state is the gfiPhe@, radical pair. Chlorophyll bleaching due to
high intensity illumination correlated with the anmb of 'O, generated. Comparison of the
bleaching spectra with the electrochromic shiftskaited to Chd; upon Q™ formation,
indicates that in the T179H-PSII and in the WT*3HP®e Chb; itself is the chlorophyll that
is first damaged bjO,, whereas in the T179V-PSIl a more red chloropisytlamaged, the
identity of which is discussed. Thus, ghéppears to be one of the primary damage site in
recombination-mediated photoinhibition. Finallyadiges in the absorption of Ghiery

likely contribute to the well-known electrochronshifts observed at ~430 nm during the S-
state cycle.



I ntroduction

Oxygenic photosynthesis provides the main inputrargy into biology. This process
produces food, fibers and fossil fuels, and enesgyihe atmosphere with, Photosystem I
(PSII), the water-oxidizing enzyme of the cyanobsdat algae and higher plants is at the
heart of oxygenic photosynthesis. In cyanobacteha, PSIl complex comprises 17 trans-
membrane and 3 extrinsic membrane protéifese 20 subunits bind 35 chlorophylls, 2
pheophytins, 2 hemes, 1 non-heme iron, 2 plastogeis (Q and @), the MnCaG; cluster,

2 CI, 12 carotenoids and 25 lipids [1,2]. Sequentialitetions of PSII allow the MiCaG;
cluster to accumulate oxidizing equivalents. The,®&0; cluster thus cycles through five
redox states denoted, Svheren stands for the number of stored oxidizing equintd3,4].
Upon formation of the Sstate, two molecules of water are oxidized, thest8te is
regenerated and.(s released.

The conversion of solar energy into chemical engygycally involves the absorption
of a photon by one of the chlorophylls in the antenThe resulting excitation is transferred to
the photochemical trap which absorbs close to 680 Rse, and which includes the four
chlorophylla molecules, Bi, Po2, Chb;, Chb, (Figure 1A). The X-ray crystal structure at 1.9
A resolution [1,2] shows that the ligands of the @igments are not identical. Most of the
chlorophylls bound to PSII have histidine ligandstheir Md* ions, these includegp and
Pp2 with the D1/H198 and D2/H197, respectively, (Fi§). The Chd; and Chd, are unusual
in that they have water as ligands to theiMgns (Fig. 1C). The structures around the water
ligands of Chd; and Chd, however are not identical; the water ligand togeld hydrogen
bonded to D1/T179, while the water ligand to &hE not involved in H-bonding, with the
residue corresponding to D1/T179 being D2/1178,clhis unable to accept a H-bond (Fig.
1C).

A role for Chp; as the primary donor was suggested in the 1988sdban evidence
from comparative spectroscopy, reviewed in [5,6H &as gained support from spectroscopic
studies of site-directed mutants [7-9] (see belawyl from ultrafast spectroscopy [10-12].
Strong support was also provided by the recenirftnt¢hat long-wavelength photochemistry
can take place in chlorophyftcontaining PSII thanks to the presence of a singie-
wavelength chlorophyll in the heart of the reactiemtre located at the position of 6Hb].

The involvement of the Ckl and Ch, in the charge separation process, reviewed in

[6], was investigated by individually modifying tihespectral properties in site-directed



mutants. In a study of the D1/H198Q and D2/H197td-directed mutants iBynechocystis
PCC 6803 it was proposed that at temperatures béfoi, Chp; was a long-wavelength trap
located at 684 nm, whereas at higher temperatusepi@gressively shared more of the
excitation and thus becomes more involved in thergd separation [7]. In a further study, the
D1/T179 residue, which is in the close vicinity ©flp; (Fig. 1C), was replaced by either a
histidine or a glutamate [7,8]. A spectroscopicrelterization of these mutants confirmed
that the triplet state, produced upon charge reduatibn from>[Psso'Phed|, was localized
on Chb, [7,8] as previously shown by EPR [13] and infraspeéctroscopy [14]. The band at
673 nm, which mainly originates frompfPand which is bleached in the difference spectrum,
was unaffected in the D1/T179H and D1/T179E mutahtscontrast, the electrochromic
band-shift, with a positive peak at 679 nm and gatige peak at 683 nm in the wild type
sample, was blue-shifted by 1 nm in the D1/T179Eamtuand red-shifted by 2-3 nm in the
D1/T179H mutant [8]. This band shift was therefatgibuted to the Qband of Chi;, which

is electrochromically shifted in response to tharfation of the B Qa™ State. The red-shift
of the absorbance spectrum of ghh the D1/T179H mutant has been proposed to @atgin
from an electronic polarizability of the-system of the imidazole moiety of D1/H179
stabilizing the excited state of GhI[7].

It is widely agreed that the Glilhas the lowest site energy of the core chlorophsfl
helium temperatures.g. [15] and references therein, and simulations afe & predict the
spectral change in the D1/T179H mutant [16]. Atmoemperature, the excited state is more
distributed on the six core pigments and it is mted that *Chd; remains the longest
wavelength species and thus the slightly prepomiestate. In agreement with that, two
kinetically distinct steps are observed in the ghaseparation process at 77d4q. [11] and
references therein. The fastest one occurring ib toe 5 ps time range attributed to the
*[Chlp;Phe®1 — Chlp"Phe, reaction [11] (see [12] for work done at room temgture)
whereas that occurring in 25-30 ps time range spords to the *[RiChlp] — Ppi Chlpy
reaction [11].

The non-radiative charge recombination procesarseta different routes (reviewed
in [17-19]);i) the pathway involving the formation of tA@hlp, triplet state from the
Psso Phe®; radical pair [20]ji) the direct and indirect routes, betwegg,Pand Q" [21,22].
In a small fraction of centers, the charge recoibdm occurwvia the population of a
luminescent state [21]. The luminescent stateotigint to be shared over all the chlorophylls
of PSII, see [23] for a recent discussion, butideatity of the first excited stated formed by

the back reaction has received little attentiomfresearchers and has remained relatively



undefined. However, based on the super-luminescefnte chlorophylf-containing PSII, it
was recently suggested that *ghis likely to be the luminescent state formed from
recombination of the Ch{"Phed radical pair [5]. It was suggested that the %¢hould be
the first excited state formed upon radiative resmration not only in the long wavelength
variant PSII but also in normal PSII [5]. This saeggon has yet to be tested.

In order to obtain new insights on the involvemanChlp; in electron transfer
processes and how the nature of theyClijand may affect its properties, two site-directe
mutants in the thermophilic cyanobacteritihermosynechococcus elongatus have been
designed. The first one was D1/T179H, in whichgbssibility is provided for the Mg of
Chip; to have a histidine as a ligand, as for most efdtiner chlorophylls. The second was
D1/T179V, which would eliminate the possibility fore water that ligands the Kfgto
donate a H-bond to the threonine, this would meadiganding environment for Ghlwould
be similar to that of Ch} (Fig. 1C). These mutants, which were both fullyihacfor O,
evolution, were characterized by a combinatioreohhiques (EPR, FTIR, fluorescence and
absorption spectroscopies at room temperature amg ime-resolved UV-vis absorption
spectroscopy, polarography and thermoluminescarwseveral insights were gained
concerning the primary reactions of PSIl and disoinitial sites of photodamage under high
light.

Material and Methods

Construction of the T179H and T179V mutants and Photosystem Il preparation

The T. elongatus strain used was thdpsbA;, 4psbA, deletion mutant [24], called
WT*3, constructed from thd. elongatus 43-H strain that had a Hitag on the carboxy
terminus of CP43 [25For the construction of the D1/T179H and D1/T179%-directed
mutants, the positions around +533 from the intt@don ofpsbA; ORF were substituted on a
plasmid DNA in order to introduce the T179H and 9Y¥7substitutions and to create
restriction sites forMsc | and BsaH |, respectively, by a Quick—Change Lightning Site
Directed Mutagenesis Kit (Agilent Technologies)si®wn in Fig. 2A. After introduction of
the plasmid DNA into the host cells by using a Géudser (BioRad), mutant cells were
selected from the cells on DTN agar plate contgirinug mLC* of chloramphenicol, 6 pg
mL™ of gentamycin (Gm), and 40 pg milof kanamycin. Fig. 2C shows the results of the
genomic DNA analyses around site-directed mutatdnsegregated cells. After PCR

amplification of the mutated region by wusing a fardr primer (Fw; 5-



CTACAACGGTGGCCCCTACCAACTG-3) and a reverse primefRv; 5'-
GCTGATACCCAGGGCAGTAAACCAGATGCC-3’) (Fig. 2B), the @R products were
digested withMsc | or BsaH | for T179H and T179V, respectively. As shownFRiy. 2C,
amplified a 554-bp DNA fragments (Fig. 2C, lanearfl 4) were completely digested with
Msc | for separation into a 216 bp and a 338 bBsaH | for separation into a 215 bp and a
339 bp for T179H (lane 3) and T179V mutants (laper&spectively. Then, the genomic
DNA sequence of the open reading framesifiA; was confirmed by nucleotides sequencing
by using a GenomeLab GeXP DNA sequencer (Beckmaitelhn

PSII purifications were achieved as previously déesd [26]. PSIl were suspended in
1 M betaine, 15 mM Cagl 15 mM MgC}, 40 mM MES, pH 6.5 then frozen in liquid

nitrogen until use.

DSpolyacrylamide gel electrophoresis

Purified PSII (8 ng Chl each) suspended in 40 mM¥NAOH (pH 6.5), 10 mM
NaCl, 10 mM CaCl 10 mM MgC}, 0.03%n-dodecyl$-D-maltoside were solubilized with
2% lithium laurylsulfate, and then analyzed by &8Solyacrylamide 16—-22% gradient gel

electrophoresis containing 7.5 M urea as previodshcribed [27].

Oxygen evolution and consumption

Oxygen evolution was measured under continuousifiation at 25°C by
polarography using a Clark-type oxygen electroden@atech) with saturating white light
through infrared and water filters. Fop €volution, the initial activity was measured i th
presence of 0.5 mM 2,6-dichlopbenzoquinone, dissolved in dimethyl sulfoxide (D®S
as an electron acceptor. The medium used cont2ibedM MES, 15 mM CaG| 15 mM
MgCl,, 20 mM NacCl, pH 6.5.

Snglet oxygen production

Singlet oxygen production was detected by histidiregliated oxygen uptake
measurements under high light illumination condisig20,000 pmol photonshs?) at 25°C,
as previously described in [28, 29]. The activitgsameasured in 20 mM MES buffer (pH
6.5) containing 15 mM Cagl15 mM MgCh, 20 mM NacCl in the presence of 10 mM L-
histidine and 25 uM DCMU (3-(3,4-dichlorophenyltidimethylurea) at chlorophyll

concentration of 5 pg miby using a Clark-type oxygen electrode (Hansatech).



EPR spectroscopy
X-band cw-EPR spectra were recorded with a Brukdexsys 500 X-band

spectrometer equipped with a standard ER 4102 @yulk-band resonator, a Bruker
teslameter, an Oxford Instruments cryostat (ESR) @@ an Oxford ITC504 temperature
controller. The $multiline state was induced by illumination with 800 W tungsten lamp
filtered by water and infrared cut-off filters wased. llluminations for approximately 5-10
seconds at temperatures close to 198 K in a neersdl Dewar in ethanol cooled with dry
ice. The triplet state was measured under illunomaat 4.2 K inside the EPR cavity. The
ilumination was done with a low voltage halogemfa(Philips GX5.3, 24 V, 250 W) filtered
by water and infrared cut-off filters.

PSII samples were loaded in the dark into quart® Ees at 1.1 mg of Chl miLand
dark-adapted for 1 h at room temperature. The sssnpére then synchronized in thesate
with one pre-flash [30]. Flash illumination at rootemperature was provided by a
neodymium:yttrium—aluminum garnet (Nd:YAG) laseB25hm, 550 mJ, 8 ns Spectra Physics
GCR-230-10). After a further 1 h dark-adaptationr@m temperature the samples were
frozen in the dark to 198 K in a dry-ice/ethanolhband then transferred into liquicb,N77
K). Prior to recording the spectra the samples wlegassed at 198 K.

Ther moluminescence measur ements

Thermoluminescence (TL) glow curves were measuiiddaMab—built apparatus
[31,32]. Purified PSII were diluted to 10 pg Chl thin 1 M betaine, 40 mM MES, 15 mM
MgCl,, 15 mM CadJ, pH 6.5 and then dark-adapted for 1 h at room &atpre before the
addition of 10 uM DCMU. Flash illumination was doae0°C by using a saturating xenon
flash. One second after the flash illumination, $henples were heated at the constant heating
rate 0.7°C/s and TL emission was detected. It vesigied that after the dilution the PSII

samples had the same OD at 673 nm.

UV-visible time-resolved absor ption change spectroscopy

Absorption changes measurements were measure@ \titbuilt spectrophotometer
[33], in which the absorption changes are sampled atedéstimes by short analytical flashes.
These analytical flashes were provided by an ojppi@eametric oscillator pumped by a
frequency tripled Nd:YAG laser, producing monochatim flashes (355 nm, 1 nm full-width
at half-maximum) with a duration of 5 ns. Actinlaghes were provided by a second

Nd:YAG laser (532 nm), which pumped an optical paetic oscillator producing



monochromatic saturating flashes at 700 nm withstirae flash-length. The path-length of
the cuvette was 2.5 mm. PSIl was used at 25 pdbiiC™. PSII samples were diluted with
a solution containing 1 M betaine, 15 mM Ca@b mM MgC}, and 40 mM MES (pH 6.5).

PSII samples were dark-adapted4at h at room temperature (20—22°C) before the mafdit
of 0.1 mM phenyp-benzoquinone (PPBQ) dissolved in DMSO.

77 K Absorption spectra

Low temperature absorption spectra were recordied) asspectrophotometer U-3900H
(Hitachi High Tech. Co., Japan) equipped with astgt Optistat CF (Oxford Instruments)
for low temperature measurements and with a cw IWM$G3-1100S-SD; Moritex Co.,
Japan) for illumination. For the ligminus-dark difference absorption spectra recorded at ~
77 K, dark-adapted PSII at 0.1 mg Chl fivere illuminated for 30 s with®30 mW cn?
light source filtered by infrared and UV cut-offtéirs. The PSII cores were in 20 mM MES
buffer (pH 6.5) containing 15 mM CaCl5 mM MgC}h, 10 mM NaCl and 65% glycerol.
The wavelength accuracy was + 0.1 nm, the spdaamad-pass was 2 nm and the scan speed
was 60 nm mifi or 300 nm mit for 600 to 750 nm or 350 nm to 800 nm, respedtivel

For measurements of the difference spectra aiiieus-before high light illumination,

PSII samples suspended in 20 mM MES buffer (pH, &5mM CaCl, 15 mM MgC}, 10
mM NacCl, and 0.5 M mannitol at a concentration & g Chl mL* were illuminated at
45°C with a light intensity of 500 pmol photons s® for 60 min. After the high light
illumination, PSIl samples were concentrated bygigimicon Ultra-0.5 (Millipore Corp.)
and resuspended in 20 mM MES, 15 mM GaCh mM MgC}, 10 mM NaCl and 65%
glycerol buffer (pH 6.5) for measurements=at7 K.

Room temperature absorption spectra were recorsiad a spectrophotometer U-3900
(Hitachi High Tech. Co., Japan). The wavelengthueacy was = 0.2 nm, the spectral band-

pass was 2 nm and the scan speed was 120 nfn min

77 K Fluorescence spectra

Fluorescence emission spectra of cells were redate 77 K using a Fluorescence
spectrophotometer F-2700 (Hitachi High Tech. Capah) as previously described in [34].
PSIl samples were suspended in 20 mM MES (pH6 Blagang 20 mM NaCl and 200 mM
mannitol at 5 ug Chl mit. The PSII were illuminated in liquid Nt 440 nm with a resolution
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of 20 nm. The fluorescence emission spectra weesuared with the scan speed of 300 nm

min* with a resolution of 2.5 nm.

FTIR measurements

Light-induced Bso /Psso FTIR difference spectra were measured using aéBruk
VERTEX 80 spectrophotometer following the methodatided previously [35]. An aliquot
of the PSII suspension was mixed withl1of 500 mM potassium ferricyanide angull of
10 mM SiMo on a Cafplate, lightly dried under Ngas flow, and covered with another GaF
plate with 0.7uL of water. The sample temperature was adjust@b%oK in a cryostat
(Oxford, model DN1704). Single-beam spectra with dcans were recorded under dark and
during illumination, and the measurement was requ8000, 4000, and 2000 times for the
WT*3-PSlI, T179H-PSII, and T179V-PSII samples, edpvely.

Results

I ntactness of the mutant PS |

TheT. elongatus D1/T179H and D1/T179V mutant cells were able agphoto-
autotrophically under moderate light intensity50 pmol photons hs?), although the
T179V mutant cells were more sensitive to very Hight conditions £ 200 pmol photons m
2 s%), see Fig. S1. Active PSII could be purified frooth types of mutant cells. The oxygen
evolution activity of isolated PSII from WT*3, T1H%and T179V was: 3500 umol @ (mg
Chly* b, = 3500 pmol @ (mg Chl)* b, and~ 2500 umol @ (mg Chl)* b, respectively.
No loss of subunits in isolated PSII in eitherlu# mutants was detected by SDS-
polyacrylamide electrophoresis (not shown). FighBws the amplitude of the absorption
changes at 292 nm induced by each flash of a sequgwen to dark-adapted samples and
recorded in the WT*3-PSII (black points), the T17P8II (red points) and the T179V-PSlI
(blue points). Measurements were done 100 ms thigeflashesi.e. after the reduction of
Tyrz" by the MnCagG; cluster was complete [36,37]. This wavelengthesponds to an
isosbestic point for PPB®PBQ, the added electron acceptor, and is in erspeegion
where the absorption of the MBaG; cluster depends on thg-&tates [37]. No significant



11

differences in the oscillating pattern are obseivetveen the two PSII mutants and the
WT*3-PSlI thus confirming that both mutants ardyfdctive.

In Synechocystis 6803, the absorption spectrum at ~ 77 K of the9HLPSII mutant in
the @ region has been found to be slightly modified veithecrease in the absorption around
682 nm [8]. A similar decrease at 682 nm was alseoved in thd. elongatus T179H
mutant (see Fig. S2A). Fig. 4 shows the effect obmtinuous illumination at ~ 77 K in
WT*3-PSlI, T179V-PSIl and T179H-PSII. Under thesmditions, the side-path donors
expected to be oxidized are either Car,@hlICytssg and the dominant reduced electron
acceptor formed is Q, e.g. [38-40]. The lightminus-dark absorption spectra recorded at ~ 77
K from 350 nm to 800 nm is shown in Fig. S2B. Paelnd B in Fig. 4 shows the light-
minus-dark absorption spectra with an expanded wavehestsle in two specific regions.
Panel A (see also Fig. S3) shows the spectralmefgion 520 nm to 570 nm, which includes
the electrochromic blue shift of the PBe®yx absorption induced by the formation of @nd
known as the C-550 shift. This band-shift was cett@t ~ 547 nm in the 3 samples, a
wavelength that is characteristic of the preseffitkeohydrogen bond from D1/E130 to the
113-keto group of Pheg which occurs when D1 is PsbA3 in WT*3-PSII (Fid\)1e.g.

[26,41] and references therein. A bleaching cedtate&s57-558 nm was also observed in the
3 samples. This corresponds to éhlkand of Cybssg Which decreased in intensity upon the
oxidation of the cytochrome as expected upon amithation at 77 K. Data in Fig. S3 shows
a more oxidation of Cisg in both mutants under the 77 K continuous illuntioma

Panel B in Fig. 4 shows the reaction center@ctrochromisms uponQreduction
[41]. One band shift (the red-shift) was centered @78 nm in the WT*3-PSlI. This band
shift mainly originates from the effect of the fation of Q" on the absorption of the;fPp;
pair in the ground state [42,43]. This band shdswot significantly modified in the D1/T179
mutants thus showing that the mutations of T17Mdidaffect the absorption obHPp,. The
second band shift (a blue-shift) corresponds tactiange in the absorption of Ghupon Q°
formation. This band shift was centered at ~ 68GmMWT*3-PSII and was red-shifted by ~ 3
nm to ~ 689 nm in the T179H-PSII. The red-shiftro$ band shift is very similar to that
observed upon the formation ofyfPo,) "Qa” in Synechocystis 6803 [8,9] where a shift from
682 nm to ~ 685 nm was reported. In contrast, énTth79V-PSII, the band shift attributed to
Chlp; seemed to be not significantly modified. Interegty, a blue-shift of the negative part
of the differential signal at 676-677 nm was obedrin the D1/H198Q mutant upornQ
formation (green spectrum). A blue shift of theaaleing corresponding to thé rmation

was also observed in such a mutant [7,24].
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Time-resolved flash-induced absor ption changesin the Soret region

In the present work, the effect of the mutationghenRgo Qa™~Mminus-PsssQa
difference spectrum was also measured at room te&type, Fig. 5, by recording the time-
resolved flash-induced absorption changes aroufich48 In this spectral region, the redox
changes of several species, such as the Chlishegtoes, Tyr and Q, give rise to
absorption changes. The most prominent of theseewer, is a strong Soret band bleaching
in the 433 nm region associated with the formatibRsgo' . In Fig. 5, the absorption changes
were measured 5 ns after the first flash giverar-ddapted PSlle. in the S-state, and
therefore corresponded to thel$rzPssdQa to STyrzPsso Qa” transition. Although no major
differences were detected between the WT*3-PSlithadwo mutants at room temperature,
the spectra appeared very slightly broader inwleerhutants (~ 1 nm), with a broadening to
the red in the T179H-PSII and to the blue in th&9\-PSII. The same results were obtained
after averaging the spectra recorded on the fist flashes (see Fig. S4).

Fig. 6A shows the triplet EPR signal [20] knowrb®localized on Chi [13,14]. The
difference spectra are the light spectra measunddrucontinuous illumination at 4 #inus
the spectra recorded in the dark after the illutnoma The triplet signal has the same spin
polarization in the two mutants when compared &Wir*3-PSIl. The extra signal present in
all samples at around 3550 gauss does not arisetfre triplet signal. This unidentified EPR
signal is often detected in the His-tag PSII inphesence of a high amount of dithionite as is
the case here [44] but was also detected in P&h 8ynechocystis 6803 which had no His
tag [45]. Fig. 6B and 6C show the external resoeandth an expanded magnetic field scale.
Although the triplet EPR signal is not expectedé¢overy sensitive to the environment of the
3Chl speciese.g. [20,45-48], the spectral changes detected inG&how that the
modifications in the environment of tA€hlp; in the T179H-PSII mutant became detectable
with the total width of the signal smaller by ~d#uss. This narrowing could reflect a change
from water to His as the Ghlligand in the D1/T179H mutant. Indeed, ey EPR signal is
slightly narrower than th&Chlp; EPR signal [49], and-& has His ligands [50]. The T179V
mutant seems to have a different proportionalitytie Z peaks compared to the Y and X
peaks. This could indicate a change in the reldiiegmes of the triplet sublevels: either the
“Z" sublevel got faster or the “X” and “Y” sublewgebot slower.

The intactness of the M@aG; cluster in the T179H-PSII and T179V-PSII allowesd u
to study the charge recombination process by thieinmoescence in these mutants. Fig. 7

shows the TL curves, in the presence of DCMU, tespufrom the $Qa™ charge
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recombination recorded in WT*3-PSII (black curvg€),79H-PSII (red curve) and T179V-
PSII (blue curve). In the WT*3-PSiII the peak wa8&tC. In the T179V-PSII, the peak
temperature was decreased to 24°C with a slighredse in the area. In the T179H-PSII, the
peak of the TL band was further down shifted ta4*CLwith a dramatic decrease of the area.
The small amplitude of the TL curve in the T179HHR&as the reason to use a fast heating
rate in this studyi.e. 0.7°C/s. Indeed, with slower heating rates thaaligecame
undetectable. As a consequence of this high herdieg the peaks appeared at temperatures
higher than those generally reported for th®,SDCMU charge recombination i

elongatus [24,26].

A change in the energy level of the radical paopylated during the charge
recombination process can be tested for by loo&trthe charge recombination rates which
mainly depend on the direct and indirect routesliving either B, or Chb;". Fig. 8 shows
the low spinS= 1/2, $ multiline EPR signal recorded after an illuminatiat 200 K given to
WT*3-PSII (panel A), T179H-PSII (Panel B) and T178&II (Panel C). The spectra shown
in black are the lightrinus-dark spectra recorded immediately after the ilhetion at 200 K.
The vertical scales in the 3 panels are identighich makes the amplitude of the spectra
comparable. A similar amount of &as induced in the 3 samples since no high-spin S
signals were detected in any of the 3 samplesartdmditions used here (not shown). The
amplitude of the Fe#* Qg™ signal aly = 1.66 (~ 4000-4200 gauss) [51,53] induced by the
200 K illumination in the absence of an added etecacceptor was also similar in the 3
samples thus showing that the amount AFES' Qg prior to the illumination was similar. The
addition of DCMU in the dark-adapted PSII mutantswherefore not expected to result in a
different proportion of closed centers in thg &&**/DCMU state prior to the flash
illumination in the TL experiment reported abovéeTspectra in red are the lightnus-dark
spectra for which the light spectra were recordeat a further dark period of 5 minutes at ~
20-22°C following the illumination at 200 K. In WB*PSII, approximately 60-70 % of the
multiline was still detected after the 5 minutesatm temperature, whereas in the T179V-
PSIl and T179H-PSII less than 40 % and 10 %, resm@dy, were detected. The TL signal
originating for the 8" charge recombination was also monitored afterftaghes (Fig. S5)
with similar effects of the mutations on the peatperature and TL amplitude to those seen
in Fig. 7. Upon a further dark-period of 5 minutekowing the 2 flash illumination, the TL
signal was smaller in the mutants becoming almodetectable in the T179H-PSII. The
results of these experiments are consistent wihrtare efficient non-radiative charge

recombination in the two mutants, particularlyhe fT179H-PSII.
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The ability of the mutants with modified Ghlproperties to evolve prompted us to
study to what extent the mutations may affect ttoelpction of reactive oxygen species, in
particular the singl€tO, known to be formed by the reaction®a% with *Chlps. By using the
protocol described by Rehman et al. [28] the datéig. 9A shows that under the high light
illumination used in this study, tH®, consumption that is assumed to be proportion#ieo
production of'O, [28,29], was 163 pmol (mg CHIK?, 148 umol (mg Cht) h* and 227
pmol (mg Chi)* h* in WT*3, T179H and T179V, respectively. Therefatee 'O, release
under the high light illumination was decreased-0% in the T179H-PSII and enhanced by
~ 40% in the T179V-PSII. Panel B in Fig. 9 showat tinder high light illumination the
chlorophyll bleaching was also slightly larger e {T179V-PSII and slightly smaller in the
T179H-PSII. This result suggests that the bleachgd be, at least in part, correlated to the
amount of'O, produced. Fig. 9C and 9D show the difference spéafterminus-before”
room temperature high light illumination, measua¢d@7 K and room temperature,
respectively. They show the bleached species wittxpanded scale in the, @gion of Chl
a (all spectra in Panels C and D have been norntatz¢he same amplitude). In both
mutants the red-shift of the spectra indicatessbate of the bleached chlorophyli(s) exhibit
a spectrum slightly red-shifted compared to thadied Chl in the WT*3-PSlII. By
comparison with the amplitude of the bleaching im*8+PSII, the difference spectra
appeared slightly broader and slightly bigger ab®f@ nm, particularly in the T179V-PSlII in

which the shoulder at 683.5 nm seemed more promalinc

Fluorescence spectra at 77 K

At 77 K, the fluorescence emission at 695 nm has poposed to arise from the
longest wavelength CP47 chlorophyll, whereas thisgion at 685 nm has been assigned to
arise from chlorophyll(s) absorbing at 683nm in CR&d CP43, which transfer excitation
slowly to the photochemical heart of the reactienter [54]. Fig. 10 shows that the
fluorescence spectra at ~ 77 K were also affecteldd two mutants studied here with a shift
of the main peak from 686.5 nm in WT*3-PSII to @#Am in T179H-PSII and an increase in
the fluorescence at ~ 695 nm in the T179H-PSlladdcreased 695 nm fluorescence in the
T179V-PSII.

Electrochromismin the Soret region
The oxidation/reduction and protonation/deprotamateactions on the electron donor

side of PSII are also known to change the electticstnvironment of the chlorophylls,
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shifting their absorption spectra with the size dirdction of the shifts depending on the
distance and orientation of the chlorophyll relatie the location of the charge [37,55,56]. In
plant PSII, electrochromic shifts in the blue rega the chlorophyll spectrum and their pH
dependence have been reported for h® S, S to S and $to § transitions [37,55] and,
from the positions of the peaks and troughs ofeleetrochromic shifts, it has been found that
the amplitude of the 428 nminus-440 nm in a flash sequence oscillated with a jgeofo

four. The identity of the chlorophyll(s) sensititeethe redox state of the MdaG; cluster
however remains to be determined.

Panel A in Fig. 11 shows the difference spectradced by each of the first 6 flashes
given to dark-adapted WT*3-PSII. These spectrardamh 100 ms after the flashég, when
only the charge on the M@aQ; cluster contribute, are comparable to those reszbnd plant
PSII [37]. Panel B in Fig. 11 shows the amplitufi¢he difference, 428 nmminus-440 nm,
after each flash of a sequence given to dark-adagatenples and recorded in the WT*3-PSlI
(black), in the T179H-PSII (red) and in the T1798P(blue). As shown in Fig. 3 for the
measurements at 292 nm, the oscillations with eg@f four are clearly detectable at least
until the 20" flash and no significant differences in the ostiilg pattern were observed
between the two PSII mutants and the WT*3-PSII pkéer the first flash.

In the work done on plant PSII [37,55] the speutesie recorded in the presence of
carbonyl cyanidg-(trifluoromethoxy)-phenylhydrazone (FCCP), whishain accelerator of
the deactivation of the S-states [37]. The presefé&CP allowed several sequences on the
same sample to be recorded by shortening the daratia complete dark-adaptation.
Consequently, in the published work [37,55] thetfftash data contained no or smaller
contributions from centres that remain ina®er the first flashi(e. from either
S Tyrp - S Tyrp - S Tyrp” or the less likely [57] §yrp’ - SiTyrp transitions). Note that
these reactions are also eliminated by the pré-fiastocol in the EPR experiments reported
above. The protocol using FCCP in plant PSII wasmerto complications due to secondary
effects and much time and effort was needed todaam [37,55], thus the use of FCCP was
avoided in the present work dnelongatus. Moreover, although the signal on the first flash
in Panel B of Fig. 11 differs in the mutants whempared to the WT*3-PSlI in this spectral
region, the similar amplitude of the oscillationstbe following flashes shows that the
spectral difference was mainly limited to the fitash as previously observed [37].

Panel C in Fig. 11 shows the difference spectrardsd on the third flash.e. in the
transition in which the electrostatic constraints elaxed since the enzyme cycle has

returned to the lowest redox statg)(id the majority of centers. The black spectrunswa
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recorded in WT*3-PSlI, the red spectrum in T179H{R&d the blue spectrum in T179V-
PSII. Two observations can be magen WT*3-PSlI, the spectrum very likely contained
two spectral components, ainjithe difference spectra in the two mutants werelar and
slightly differed from that in WT*3-PSlI.

Discussion

The oscillating patterns at 292 nm in Fig. 3 shbat both the T179H-PSII and the
T179V-PSIl mutants were fully active at room tenggare. The similar amplitude of the S
multiline EPR signal formed at 200 K in the WT*34P&nd the two mutants shows that the
S to S transition at 200 K also remained unaffected leyrttutations (see Fig. 8). The
similar amplitude of the Phgpband-shift at 550 nm upon illumination at 77 K,ighis
proportional to the amount of\Qpresent, shows that the charge separation remained
similarly efficient at 77 K in both mutants andtire WT*3-PSII (see Fig. 4A).

The light-minus-dark absorption spectra recorded7at are almost identical to those
recorded earlier at 8 K in WT*3-PSl|I [41], see aldg. S3. As the time-resolved 550 nm
band-shift from Pheq was recorded at room temperature, it was sigmfigdoroader than
those in the literature recorded at low temperatuahough the band-shift was centered at
the same wavelength, which is characteristic of PSkhich D1 is PsbA3 (see Fig. S2B and
Fig. S3). The full lightminus-dark absorption spectra, Fig. S2B, exhibits soaras below
550 nm showing that the oxidation of a carotentsd accurred in a proportion of centers in
addition to the oxidation of Clgdso.

The data in Fig. 4B show that the band-shift caadet ~ 686 nm in WT*3-PSlI
which is attributed to a blue-shift of the ghhbsorption upon L formation, was red-shifted
by ~ 3 nm to ~ 689 nm in the T179H-PSII. This stoftonger wavelength is very similar to
that observed upon the formation ¢f,R," in Synechocystis 6803 by time-resolved
measurements under flash excitation at 77 K [8©¢ontrast, in the T179V-PSII, the Ghl
band-shift was not significantly modified compatedhe WT*3-PSlI.

The spectral features at shorter wavelengths étieshift centered at ~ 678 nm, the
blue shift at 674 nm and the possible red-shi&& nm), which presumably arise from the
other reaction center pigments, including Bnd B, [15,42], underwent no or minor
modifications in terms of their wavelength positiarthe T179H and T179V mutants. This
agrees with the earlier report of a lack of spestiopic changes associated with B the
Po1"Qa” difference spectra caused by the T179H mutatic8.[8
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At room temperature, the time-resolvegidPspectra (see Fig. 5) appeared to be
slightly broadened in the two mutant PSII when cared to WT*3-PSlI. This broadening
could suggest a very slight increase of the pragouf the B, Pp, state in T179H-PSII and
a very slight increase of the#o," state in T179V-PSIl when compared to the WT*3-PSl|
[58]. However the Ro -minus-Psgo FTIR difference spectra also recorded at 265 k& Eg.

S6) did not show a change in the ratio of the ammpéi of the positive bands at 1724 tand
1709 cnt' attributed to the asymmetric distribution of aifies charge on i and Ry,
respectively [34]. Thus it seems that thg 'PPp," ratio was not significantly affected by the
mutations. In agreement with that, the electrongfer from Tyg to Pygo also remained
unaffected in the mutants, see Fig. S4B. The dadaeashow that at room temperature the
Psso Qa” State remained essentially unmodified in functieeams and in the two mutants in
full agreement with the literature [8,9].

In T179H-PSII, the room temperature spectrum ofileached Chl after high light
illumination has its peak red-shifted by ~ 2 nme(§&y. 9B and 9C). The amplitude and the
direction of the shift are similar to those of tBklp; spectrum. Thus, this could indicate that
in this mutant théO, produced by th&Chlp; + %0, reaction reacts directly with Ghl This
also occurs with the WT*3-PSi|, thus indicatingtt@dnly;, the location of the triplet [13], is
among the first chlorophylls to be damaged by thglst oxygen that is generated by energy
transfer from the chlorophyll triplet. The red-shif the fluorescence maximum from 685 to
688 nm correlates with the absorption peak obCiml the T179H mutant, indicating that
Chlp; itself may be the main emitter at 77K.

For the T179V mutant, the situation seems more éexnhe absorption spectrum
appeared only slightly modified in both the timseakved spectra (Fig. 5) and in terms of the
Q" induced band-shift at 77 K data (Fig. 4B). In cast the chlorophyll bleached by high
light was significantly red-shifted in this mutamtese effects in the T179V-PSII may be
explained as follows. The high light illuminatioragzdone in non-frozen conditions, it is
known that after its formation at the Ghbkite, the triplet can migrate onto other chlordfzhy
at non-cryogenic temperatures [59]. In this muthatmigration may be favored by the
symmetrization so that the triplet escapes andimsaat another chlorophyll with a low
energy triplet state, in this case (one of) thedsiwenergy Chls, which could be the red trap in
CP47. In support of this hypothesis, it has beesenlked in single-molecule experiments that
a loss in the fluorescence emission at 695 nm doelldue to the migration of the triplet to
red-most chlorophylls, either Chl29 or Chl11 in CH80-62]. During the lifetime of the
Chl29 triplet state, the Chl29 is not expecteddotaebute to the fluorescence spectrum [60].
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The lower of fluorescence at 695 nm seen in thedViRPSII could represent a similar
phenomenon but enhanced by the mutation (see G)g. 1

This model however has its weaknesses. Given tafgpdistance limitations of the
Dexter mechanism associated with triplet trangfgriet migration all the way to the rather
distant far red antenna chlorophyll in the CP4freemther unlikely and we also might
expect the triplet to encounter carotenoid on thg.vAnother explanation that seems possible
is that the diminished Chi bleaching due the mutational perturbation, singigws the
second most vulnerable site to be bleached. Abtigest wavelength chlorophylls in the
system, the CP47 chlorophylls are the most likblpophylls to be over-excited when the
usual photochemistry in the reaction centre isysked. Indeed the long-wavelength CP47
chlorophylls are considered to represent an enmsste that favors displacement of the
excitation away from the centre of the reactiontieefor regulation and protection [62]. This
mechanism would make more sense physiologicatlyeifexcitation were quenched
efficiently upon arrival at the long-wavelength &eri. The candidates for this role include
PSI or carotenoids under physiological conditionghe isolated cores it is not unlikely that
putative carotenoids are removed or perturbed. &Mitkhe protective quenching, the
chlorophylls acting as terminal emitters would likbe bleached by th&®, produced by @
reacting with chlorophyll triplet formed at long welength chlorophyll on CP47.

Fig. 9A shows a correlation between the lower petidn of 'O, (monitored by’O,
consumption), less chlorophyll bleaching both ia #tbsorption spectra (Fig. 9B) and greater
tolerance to growth in high light (Fig. S1) in th&79H-PSII. In this mutant, charge
recombination appeared much faster than in the \AAS8 and the T179V-PSII (see Fig. 7),
which could indicate either a shorter lifetime foe Chh;"Phe®, state, or another faster
non-radiative route that is also a non-triplet eodih turn, that could be an explanation for a
smaller amount ofChlp; under these conditions and therefore t€ss A similar relationship
has been previously proposed in mutant with a nextiénergy level of Phgo[28].

In the Chf-containing PSII fronChroococcidiopsis thermalis grown in 750 nm light,
Chlp; appears to be the only one of the six centralrofddhat is changed to a long
wavelength pigment (Chor less likely CHd), while Chp,, Pr; and B, remained Cld, and
both pheophytins remained pheophwifb]. The TL bands arising from the@ /DCMU
and from $Qg” charge recombination were enhanced by a factor Pi2&se data were
explained by a model in which the energy gap betvibe luminescent excited state of
chlorophyll and its precursor radical pair was derghan in normal Clalcontaining PSII.

The luminescent state was assigned to a long wagtleversion of *Chi; (Chlif or Chd) and
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this was supported by the identification of gzbsorbing at ~720 nm. The precursor radical
pair was attributed to Cl'Phe®: [5].

The situation in normal Chlcontaining PSII is expected to be more compler tha
special case in which Gilis at a uniquely low energy compared to the otleatral
cofactors [5]. However in the present case, wheeethp, has been specifically modified by
mutation, this recent, more detailed model [5] seappropriate. Theoretical treatments have
been developed that explain how TL is affectedmnges of the energy levels of the
relevant radical pairs involved in PSII back-reawsi [17,63], and based on these models and
on the new considerations for the luminescence ar@sim [5], the much weaker TL intensity
in the T179H-PSII mutant seen here can be explaifleel mutation increases the energy gap
between the precursor radical pair, usually talkeRa Phe®; but here taken as
Chlp;"Phe®;’, and the luminescent state, which we consideetmainly *Chp,; but which in
this “normal” PSII is likely to equilibrate overehrest of the chlorin pigments. This increased
energy gap in the mutant suggests that a histidjaad to Chh; may decrease the potential
of the Chp,"/Chlp; couple.

The second effect of the T179H mutation on the &krsin Fig. 7 was a decrease of
the peak temperature by more than 15°C and anasen@ the rate of charge recombination.
This TL temperature decrease is taken as an inolicttat the final precursor radical paie(
Chlp1"Phe®y) is more easily populated from its own precursafical pair {.e. Pos Phee:
in the charge recombination process, see Fig.Tt3. would also fit with a lowering of the
potential of the Chtk*/Chlp; couple (see Fig.12).

In this model there is no need to invoke changekeii,, of components other than
Chip;. While such changes cannot be ruled out they @iraeeded to explain the basic
observations. This simple model fits well with ygerimental data showing a shift in the
spectrum of Chy; and no significant changes in the absorption spextR?;, P, and Pheg:.
The small shift in the absorption of the g3 nm) reflects a very small change in the
energy (8.5 meV) of the *Chli state and this is unlikely to be relevant to thechanistic
effect observed given the heat of the environmiesft € 26 meV).

Fig. 12 summarizes the simple model used abovthém179H-PSIl. Compared to
previous models, the non-radiative routesgndk?) now involves the two states,
Chlb;"Phe®; and R;"Phe; radical pairs as in the charge separation prosessj64] for a
review. There are many interesting aspects ofkihid of model that are worth noting and
investigating but these are outside the scopeigfittticle, which aims simply to apply the

new thinking [5] to explain the basic observationghe present study. The key points are that
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the decrease in the energy level of thepgCRlhe®; radical pair due to modification of the
Chlp; environment results in less luminescence and arlteveperature TL peak. It also
could be consistent with less chlorophyll tripletrhation (Fig. 9A) resulting in less
photodamage (Fig. 9B vitro and therefore possibin vivo.

In the T179V-PSIl mutant the TL was less affecteghtin the T179H-PSII. From the
down-shift of the TL peak temperatures, the de@edishe energy level of the GhlPhe®;
state in the T179V-PSII relative to that of thediype PSIl seemed to be approximately half
of that in the T179H-PSII mutant. However, from #raplitude of the TL signal the energy
gap between the Ghl'Phe®, state and *Chy; seemed only slightly affected in the T179V-
PSII. In contrast, the site of damage as manife&tidaching seems to be shifted to the long
wavelength chlorophyll in CP47 as discussed abblkie.mechanistic link between the
perturbation at the level of Ghiland resulting bleaching on the CP47 chlorophydl et to
be established.

In plant PSII, an electrochromic shift in the bhegion and its pH dependence has
been reported for the ® S, S to S and g to S transitions [36,55]. However, the
chlorophyll(s) involved remained to be fully iddigd. The electrochromic shift of a pigment,
here a chlorophyll, depends on the orientatiorhefaghromophore, the distance between the
chromophore and the charge, and the nature (pgsitegative) and intensity of the charge,
e.g. [5,56]. It is therefore not surprising that thesfa in Fig. 11 contain more than one
component taking into account the complex elecaémh proton events in the S-state cycle, in
particular in the $to  transition. The important point that we want tali@s$s here is that in
the two mutants, the broader components becamewsrand underwent a slight red-shift,
by ~ 1 nm, of the electrochromic band-shift. Siddp; is a pigment which has a modified
absorption in the mutants, at least in the T179H;R% results above suggest that & hl
could be the chlorophyll that has the absorptia@tapm sensitive to the electrostatic changes
due to the changes in charge occurring on the dsiderof PSII.

In this study, two mutations close to ghhave been designed and studied: the
D1/T179H and the D1/T179V. In both mutants, thel P&hained fully active allowing us to
get new insights on the Ghlinvolvement in PSII electron transfer. More geligraéhe data
show that the presence of a histidine in a positiah makes it a potential Ghlligand or the
presence of a valine, which is predicted to makky{iimost symmetric to Chy, did not
greatly alter the PSII function despite the apptydawer energy level of CBl"Pheg;”
radical pair in the T179H-PSII. In contrast, thextease seems to favour the indirect charge

recombination, which decreases the recombinatioterforming of théChlp, triplet state,
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making this mutant resistant to high light-indugdetodamagen vivo andin vitro. It is

worth comparing this photodamage-resistant mutastrains isolated from extreme
environments that seem naturally resistant to phbtioition. This could represent a
modification that could be engineered in straimsufge in biotechnology. Similar mutants at
the Chpy, site could help in future studies to better uniderd the asymmetry in the

environments of Gy and Ch..
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L egend of Figures

Figure 1:
Arrangement of cofactors for electron transfer 8lIRncluding Pheg; (A), structure of By

and R, with ligand amino acid residues (B), and structareund Chi; and Chd, (C). The
figures were drawn with MacPyMOL with the A mononierPDB 4UB6. D1/E130 in panel
A was drawn by substituting E130 for Q130 in theBPBUBG6 structure in which D1 is
PsbAL.

Figure 2:
Construction and confirmation of tipsbAs gene in the D1/T179H and the D1/T179V mutant

cells. (A) Nucleotide sequence pdbA; and the amino acid sequences around PsbA3/Thrl79
in the WT*3 strain and the D1/T179H and D1/T179V tamis. Positions of Thrl79 is
indicated with red letters. Numbers correspond te position from the initial codon.
Substituted nucleotides for T179H and T179V in mhatants are indicated in small letters.
For making and selection of mutants, tec | andBsaH | restriction sites (letters in italic)
were created in T179H and T179V, respectively him $ame time. (B) Physical map around
psbAs, and theoretical length of amplified DNA by PCRngsForward (Fw) and Reverse
(Rv) primers. The createlllsc | (shown asMisc I*) and BsaH | (shown aBsaH 1*) sites for
the T179H and T179V mutants, respectively, areasitipn +533. The DNA fragments of
554 bp was digested witkisc | into 216 bp and 338 bp (T179H), and digestedh \BgaH |
into 215 bp and 339 bp (T179V) (C). Agarose gel Y2¥éctrophoresis of PCR products using
the Fw andRv primers (lanes 2 and 4) and the DNA fragment$iefgroducts after digestion
with Msc | (lanes 3) and witlBsaH | (lane 5). Lane 1, 100 bp DNA ladder markersdlai,
Japan); lanes 2 and 3, T179H strain; lanes 4 amd AV strain.

Figure 3:
Sequence of the amplitude of the absorption chaag232 nm using a series of saturating

flashes (spaced 300 ms apart) and given to WT*3P&lck trace), T179H-PSII (red trace)
and T179V-PSII (blue trace). The samples ([ChIB5q@/ml) were dark-adapted for 1 h at
room temperature before the addition of 100 uM PRIESolved in DMSO. The

measurements were done 100 ms after each flash.
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Figure 4:
Light-minus-dark difference absorption spectra recorded &€.7After the recording of the

spectrum on the dark-adapted samples illuminatiafY & was given before the recording of
the light spectrum on WT*3-PSlI (black spectrum),78H-PSII (red spectrum), T179V-PSlI
(blue spectrum) and H198Q-PSII (green spectrumaimePB). Panel A shows the spectral
region including the C-550 band-shift and thband of Cybsse. Panel B shows the spectral
region including the reactiony@lectrochromisms. The liglminus-dark spectrum in H198Q-
PSIl was multiplied by a factor 1.3 to normalizeaimplitude to the same amount of @s in
the 3 other samples. Indeed, the amplitude of #s®&@band-shift was 1.3 times smaller in

this sample.

Figure 5:
Flash-induced absorption changes measured in WBIiB{Black trace), T179H-PSII (red

trace) and T179V-PSII (blue trace) 5 ns after ttst flash given on dark-adapted PSII. Upon
dark-adaptation for 1 h at room temperature, AIOPPBQ (dissolved in DMSO) was added
to the samples with [Chl] = 25y mL™.

Figure 6:
Triplet EPR signals in WT*3-PSlII (black trace), B®H-PSII (red trace) and T179V-PSlI

(blue trace). The samples were pretreated with KOdithionite and illumination at room
temperature followed by dark adaptation beforezireg[47,48]. Panel A shows the full
spectra and Panels B and C show the externalwithsan expended magnetic field scale in
WT*3-PSlI (black trace) and T179H-PSII (red tracE)e spectra are lighminus-dark-
spectra recorded at 4.2 K under illumination anthendark after the illumination. Instrument
settings: modulation amplitude, 25 G; microwave pové3 uW; microwave frequency, 9.4
GHz; modulation frequency, 100 kHz. The saturasatical signal centered at ~ 3385 gauss

has been deleted.

Figure 7:
Thermoluminescence glow curves froaQe/DCMU charge recombination measured after

one flash given at 0°C in WT*3-PSII (black trac€),79H-PSII (red trace) and T179V-PSlII
(blue trace). The samples were previously dark-dbat room temperature for 1 h before the
addition of DCMU and being loaded into the cuvettel illuminated. The heating rate was
0.7°Cl/s.
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Figure 8:
EPR spectra recorded in WT*3-PSII (Panel A), TL/8H (Panel B) and T179V-PSlII

(Panel C). Spectra were recorded either after Wilgite illumination at 198 K (dark spectra)
or after a further dark period of 5 minutes at raemperature following the illumination at
198 K (red spectra). [Chl] = 1.1 mg-fitLInstrument settings: Temperature, 8.6 K;
modulation amplitude, 25 G; microwave power, 20 miirowave frequency, 9.4 GHz;
modulation frequency, 100 kHz. The saturated sigeatered at ~ 3385 gauss originated

from Tyrp'.

Figure 9:
Panel A: Q consumption measured under illumination at 2006®| photons M s* in the

presence of 10 mM L-histidine and 25 uM DCMU witi'¥8-PSII (black trace), T179H-
PSII (red trace) and T179V-PSII (blue trace). Thew indicates the starting point of light
irradiation. The data are the average of 3 indepeincheasurements. Panel B: difference
spectra measured at room temperature in WT*3-Rfdtk spectrum), T179H-PSII (red
spectrum) and T179V-PSII (blue spectrum) aftemus-before high light illumination given
at 45°C with a light intensity of 500 pmol photons ts®. Panel C: difference spectra
between 650 and 700 nm measured at 77 K in WT*3-@®%&lck spectrum), T179H-PSII (red
spectrum) and T179V-PSlI (blue spectrum) aftienus-before high light illumination. The
PSIl samples were arbitrarily normalized to the s@mplitude at 673 nm. Panel D:
Difference spectra “aftaminus-before” high light illumination measured at rooemtperature
in WT*3-PSllI (black trace), T179H-PSII (red traaa)d T179V-PSII (blue trace). The spectra

were arbitrarily scaled to the same amplitude.

Figure 10:
Fluorescence spectra recorded at 77 K in WT*3-R84ck trace), T179H-PSII (red trace)

and T179V-PSII (blue trace). The wavelength oflitet for the fluorescence excitation was
440 nm.

Figure 11:
Panel A: Flash-induced absorption changes meadid@dns after each of the first 6 flashes

given to dark-adapted WT*3-PSlIl. Panel B: Sequeridbe amplitude of the absorption
changes 440 nminus-428 nm measured as in Panel A in WT*3-PSlI (blaake), T179H-
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PSII (red trace) and T179V-PSII (blue trace). P&hdflash-induced absorption changes
measured 100 ms after thé flash given to WT*3-PSlIlI (black trace), T179H-P8#d trace)
and T179V-PSII (blue trace). Upon dark-adaptatmmif h at room temperature, 100
PPBQ (dissolved in DMSO) was added to the sampigs[@hl] = 25ug mL™.

Figure 12:
A simplified scheme of the energetics (on a stashfi@e energy scale) and recombination

pathways in the D1/T179H-PSII compared to the wjijuk that could explain the main
phenomena reported in the present work. The erlevgys of all states are taken to be the
same in both variant forms except for a decreadlecirenergy level of the primary radical
pair, [Chbi'Phe®:], in the mutant (in red). The energy gaps aretmstale. The energy
scale is broken as indicated by the line break$y @ cofactors involved in the primary
reactions are shown, the other cofactors {;Tis., Mn,OsCa, @, the side-path electron
donors) are relevant to the experiments but ntteéanechanism illustrated. For the sake of
clarity the spin-state of the radical pairs arestawn. The triplet form of the primary radical
pair,3[ChID1+Phe@1'], can recombine to form th€hlp; triplet state, while the singlet form of
the same radical pair can recombine to form théexksinglet state or the ground state. At
room temperature the excited singlet state is @rpleo be shared over all the chlorophylls in
PSII and any of these can be radiative (not showmg.small change in the color of ghl
represents a small decrease in the energy lev€hdh, but this is taken to be negligible in
the scheme. The decrease in the energy level giritrary radical pair in the mutant results
in i) a decrease in the radiative route (indicatechiytiinner green arrows back to the
excited state)i) less energy required to reform the primary rddieér (a smaller energy gap
for the back-reaction from the secondary radical [R»:"Phe®;]) favoring formation of the
primary radical pair (thicker green lingii,) lower yield of triplet due to less efficient
formation from the primary radical pair (as indecty the thinner orange arrow) due to less
driving force, as illustrated and/or with a possibiore favorable direct recombination (red
ki? vs black k?) from the radical pair (as expected consideritig rigaction is likely to be in
the inverted Marcus region [65]. The situation shasvnot a unique solution but it has the
advantage of remaining within current models amgmg on a single phenomenon, a single
redox change (a decrease in the potential of,Ht provides a simple working model that
can be tested by future experimentation on thedeelated mutants.
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