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ABSTRACT

In Photosystem II (PSII), the Mn4CaOs-cluster of the active site advances through five sequential oxidation states
(So to S,4) before water is oxidized and O, is generated. The V185 of the D1 protein has been shown to be an
important amino acid in PSII function (Dilbeck et al. Biochemistry 52 (2013) 6824-6833). Here, we have studied
its role by making a V185T site-directed mutant in the thermophilic cyanobacterium Thermosynechococcus
elongatus. The properties of the V185T-PSII have been compared to those of the WT*3-PSII by using EPR
spectroscopy, polarography, thermoluminescence and time-resolved UV-visible absorption spectroscopy. It is
shown that the V185 and the chloride binding site very likely interact via the H-bond network linking Tyr; and
the halide. The V185 contributes to the stabilization of S, into the low spin (LS), S = 1/2, configuration. Indeed,
in the V185T mutant a high proportion of S, exhibits a high spin (HS), S = 5/2, configuration. By using bro-
mocresol purple as a dye, a proton release was detected in the S;Tyr- — S,"Tyr, transition in the V185T
mutant in contrast to the WT*3-PSII in which there is no proton release in this transition. Instead, in WT*3-PSIJ,
a proton release kinetically much faster than the S;**Tyr;+ — S3Tyr transition was observed and we propose
that it occurs in the S,"5Tyr;- — S,™Tyr,- intermediate step before the S,"STyr,- — S3Tyr; transition occurs.
The dramatic slowdown of the S3Tyr;: — SoTyr; transition in the V185T mutant does not originate from a
structural modification of the Mn,CaOs cluster since the spin S = 3 S3 EPR signal is not modified in the mutant.
More probably, it is indicative of the strong implication of V185 in the tuning of an efficient relaxation processes
of the H-bond network and/or of the protein.

1. Introduction

complex comprises 17 trans-membrane and 3 extrinsic membrane
proteins [1]. X-ray crystal structure revealed the cofactors and metal

Photosystem II (PSII) is the light-driven water-splitting enzyme in ions that are 35 chlorophylls a, 2 pheophytins (Phe), 2 hemes, 1 non-

cyanobacteria, alga, and plants. Water splitting activity results in heme iron, 2 plastoquinones (Q4 and Qg), the Mn,CaOs cluster, 2 Cl ™,
oxygen evolution and only PSII is able to provide dioxygen into the 12 carotenoids and 25 lipids bind to these 20 subunits [1,2]. Most of
earth that is essential for aerobic organisms. In cyanobacteria, the PSII cofactors relating the water oxidation and electron transfer bind to the

Abbreviations: MES, 2-(N-morpholino) ethanesulfonic acid; CHES, N-Cyclohexyl-2-aminoethanesulfonic acid; Chl, chlorophyll; Chlp;/Chlp,, Accessory Chl on the
D1 or D2 side, respectively; DCBQ, 2,6-dichloro-p-benzoquinone; DCMU, 3-(3,4-Dichlorophenyl)-1,1-dimethylurea; DMSO, Dimethyl sulfoxide; HEPES, 2-[4-(2-
Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid; HS, high spin; LS, low spin; MES, 2—(N-morpholino) ethanesulfonic acid; Pggo, Primary electron donor; Pp; and
Ppo, Chl monomer of Pggp on the D1 or D2 side, respectively; Phep;/Phep,, pheophytin on the D1 or D2 side, respectively; PPBQ, phenyl p-benzoquinone; PSII,
Photosystem II; Pggo, chlorophyll dimer acting as the electron donor; Qa, primary quinone acceptor; Qp, Secondary quinone acceptor; S,5, low spin S, state; S,S,
high spin S, state; T. elongatus, Thermosynechococcus elongatus; Tyrp, redox active tyrosine 160 of D2; Tyrz, redox active tyrosine 161 of D1; WT*3, T. elongatus mutant
strain containing only the psbA; gene; 43-H, T. elongatus mutant strain which has a His-tag on C-terminus of CP43; EPR, Electron Paramagnetic Resonance; ENDOR,
Electron Nuclear Double Resonance; DFT, Density functional theory; XFEL, X-ray free-electron laser
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reaction center subunits, D1 and D2.

The first step in the photosynthetic electron transfer chain is the
excitation of one of the chlorophylls upon the absorption of a photon by
the Chl antennae. Then, the excitation is transferred to the photo-
chemical trap which includes the four chlorophylls; Pp;, Pps, Chlp; and
Chlp,. A charge separation occurs after a few picoseconds following the
light-absorption process forming the Chlp; *Phep;” and then the
Pp; tPhep,; ~ radical pair states, e.g. [3,4] and references therein. Pp; ™
then oxidizes Tyrz, the Tyrl61 of the D1 polypeptide, which in turn
oxidizes the Mn,CaOs cluster, e.g. [2,5-8] for reviews. The electron on
Phep, ~ is then transferred to Q,, the primary quinone electron acceptor
and then to Qg, the second quinone electron acceptor. Whereas Q, can
be only singly reduced under normal conditions, Qg accepts two elec-
trons and two protons before to leave its binding site, e.g. [9-11] and
references therein.

The Mn,CaOs cluster is sequentially oxidized following each charge
separation so that it cycles through five redox states denoted S,,, where
n stands for the number of stored oxidizing equivalents [12,13]. When
the Sy-state is formed, i.e. after the 3rd flash of light given on dark-
adapted PSII, the two water molecules bound to the cluster are oxi-
dized, the O, is released and the S,-state is reformed.

The dark-stable S,-state is the S;-state. The S;-state to S,-state
transition can be induced either by a single flash illumination given at
room temperature or by a continuous illumination given between 140 K
and 230K. Indeed, in this temperature interval, the S;-state may pro-
gress to the S,-state while the electron transfer from Q5 ~ to Qp cannot
thus preventing a second oxidation of the Mn4CaOs cluster [9,10].

EPR measurements performed at helium temperatures show that the
So-state may have either a low spin S = 1/2 configuration or a high spin
Sc = 5/2 configuration, reviewed in Ref. [14,15]. The S = 1/2 con-
figuration, S,"S, exhibits a multiline signal centered at g = 2.0 which
spreads over =1800 gauss. This multiline signal is made up of at least
20 lines, separated by approximately 80 gauss [16]. The Sg = 5/2
configuration, S, exhibits a derivative-like EPR signal centered at
g = 4.1 [17,18]. Other more complex signals may be observed at lower
magnetic fields (i.e. at higher g values) which are attributed to high spin
states with § = 5/2 [19,20]. The S,"5-state contains one Mn'" ion and
three Mn'¥ ions from ENDOR and X-ray spectroscopies [21,22]. In the
S, configuration the net oxidation state of the 4 Mn ions is considered
to be: Mn4'V, Mn3", Mn2"V, Mn1™. In this structure, the Mn4 and Mn3
are connected by a di-p-oxo bridge, with O4 and O5 the bridging
oxygen, while the Mnl, Mn2, Mn3, Ca and O1, O2 and O3 are the
vertex of an open cubane structure in which there is no connection
between O5 and Mnl.

From the crystal structure of PSII in the S;-state [1,2], it has been
suggested from in silico studies [23] that the S,"S-state and S,™S-state
had almost isoenergetic structures sharing the same coordination en-
vironment with the Mn'™ ion located on Mn1 in the S, 5-state and on
the Mn4 in the S,"S-state. This valence swap between the Mn1 and Mn4
was further proposed [23-25] to be associated with a structural change
in which the oxygen 05 linking the Mn4, Mn3 and the Ca in the S,"S
configuration moved to a position closing the cubane by bridging the
Mn1, Mn3 and Ca ions. It has been recently shown that the equilibrium
between S, and S,™ is pH dependent [26], with a pK, = 8.3 for the
native Mn,CaOs and pK, = 7.5 for Mn,SrOs. DFT results suggested that
exchanging Ca with Sr modifies the electronic structure of several ti-
tratable groups within the active site, including groups that are not
direct ligands to Ca/Sr, e.g. W1/W2, D61, H332 and H337, consistently
with the complex modification of the pK, upon the Ca/Sr exchange
[26].

The S;-state progresses to the Ss-state by giving 2 flashes at room
temperature. The full X-band EPR spectrum [27] of the Ss;-state was
simulated assuming a spin Sg = 3 [27,28]. It was further proposed from
a multi-frequency, multi-dimensional magnetic resonance spectroscopy
that all four Mn ions are structurally and electronically similar with
a + 4 formal oxidation state in an octahedral ligation sphere with the
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cluster in an open cubane configuration [29]. In both Ca-PSII and Sr-
PSII, the S,™ state was found capable of advancing to Ss at low tem-
perature (198 K) [26,30]. This was taken as an experimental demon-
stration that the S, is formed first and advances to S5 via the S,/ S-state
without detectable intermediates in agreement with earlier works in
plant PSII [31]. Several experimental and computational studies, listed
in Ref. [26], suggest the existence of more than one structural form of
S3: 1) the dominant S5 exhibiting the Sg = 3 EPR signal [27-29], and 2)
a state that does not give an EPR signal per se but which is manifest as
an EPR signal generated by near-IR illumination (between 760 and
820 nm) at low temperature [32] in approximately 30 to 40% of the
centers [33].

The current view is that in the S,-state cycle, the S, state formed
from S, is the S,"S state. Then, it has been proposed from in silico studies
that the formation of Tyrz- in the S,"S-state induces a reorientation of
the dipole moment of the Mn,CaOs cluster such that the locus of the
negative charge becomes directed towards W1 and its hydrogen
bonding partner, D1-D61 [34] resulting in a shift of the equilibrium
S,'S <= 8,%% in favor of the high spin configuration, the only config-
uration capable to donate an electron to Tyrz- in this model. Alter-
natively, the formation of Tyr;- was proposed to affect the pK, of W3
triggering its movement onto either Mn4 or Mn1 depending on whether
the cube is in the closed (HS) or open (LS) configuration [35]. With the
HS route being the lower energy option, the route to S; via the S,
intermediate was favored [35]. Although experimental evidences show
that the S, is formed first and progresses to S via the S,"S-state
without detectable intermediates [26], other mechanisms suggesting
that the Sp-state progresses to S; from its open cube configuration are
also proposed [36-38].

The proton movements occurring during the S,-state cycle are
strongly influenced both by the hydrogen (H)-bonding network invol-
ving the first coordination sphere of the Mn,CaOs cluster, and also by
the H-bonding network that extends well outside the first coordination
sphere, e.g. [39-44]. In particular, as mentioned above, biochemical
conditions that affect this H-bonding network also modify the S,-state
equilibrium between the S,"5- and S,"S-states of the Mn,CaOs cluster. It
has been suggested that hydrogen bondings involving W1 and W2, the
terminal water molecules bound to Mn4, could play and important role
in this equilibrium, e.g. [45].

With the aim to identify which amino acids outside the first co-
ordination sphere of the Mn,CaOs are involved in a network tuning the
properties of the cluster, a great number of site-directed mutants have
been constructed and studied. Among the residues studied and be-
longing either to D1 or D2, there are the D1-E65, D2-E312 and D1-E329
[46], the D1-D61 [47], the D1-R334, D1-Q165, D2-D307, D2-E308, D2-
D310 and D2-D323 [48], the D1-N181 [49], the D1-N298 [50], the D1-
N87 [51], the D1-160, D1-G166 and D1-S169 [52], the D1-P173 [53],
and the D1-V185 [52,54]. The mutation of the hydrophobic D1-V185
[44,52,54] which is in the vicinity of water molecules located between
Tyrz and D1-D61 (Fig. 1), was done in Synechocystis sp. PCC 6803
(hereafter Synechocystis 6803) with the aim to perturb a region in-
cluding water molecules interacting with the Mn,CaOs cluster, the li-
gands of the Mn,CaOs cluster, Tyrz, and the chloride binding site
[52,54]. The most perturbed active mutant was D1-V185N in which the
O, evolution rate was significantly diminished with a higher miss factor
than that for the wild type. This substitution dramatically slowed down
the two steps S3Tyrz+ — (S3Tyrz+) — SoTyrz + O,. As mentioned by the
authors [52], a similar slowing down was observed in the D1-D61N
mutant [55]. In a recent FTIR study [44], it has been shown that the
V185N mutant in Synechocystis 6803 had the most perturbed H-bond
network of all the mutants studied until now and that, without directly
affecting the water molecules interacting with D1-D61.

To decipher the consequences of these extensive modifications in
the H-bond network, a D1-V185T mutant has been constructed in the
thermophilic cyanobacterium Thermosynechococcus elongatus (hereafter
T. elongatus). The replacement of V185 by T in Synechocystis 6803 was
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H190

not the most disrupting mutation [52] but, as shown here, in T. elon-
gatus it induced important modifications in the function of the enzyme.
In this work, we characterized the mutant D1-V185T in T. elongatus by a
combination of techniques like O, polarography by using either a Clark-
type electrode under continuous illumination or a rate electrode under
illumination by flash, EPR spectroscopy, thermoluminescence, UV-vi-
sible time-resolved absorption changes spectroscopy including proton
release detection under flash illumination.

2. Materials and methods
2.1. Construction of the V185T mutant and Photosystem II preparation

The T. elongatus strain used was the ApsbA;, ApsbA, deletion mutant,
called WT*3 [56], constructed from the T. elongatus 43-H strain that
had a Hise-tag on the carboxy terminus of CP43 [57]. For the con-
struction of the V185T site-directed mutant, the positions at +552,
+553 and +554 in psbA; were substituted on a plasmid DNA in order
to introduce a V185T substitution and to create a restriction site of Acl I
by a Quick-Change Lightning Site-Directed Mutagenesis Kit (Agilent
Technologies) as shown in Fig. 2A [56]. After introduction of the
plasmid DNA into the host cells by using an electroporator (BioRad
gene pulser), mutant cells were selected from the cells on DTN agar
plate containing 5ugmL~' of chloramphenicol (Cm), 25pugmL~" of
spectinomycin, 10 ug mL~* of streptomycin, and 40 pgmL ™' of kana-
mycin as previously described [56]. Fig. 2C shows results of the
genomic DNA analyses around site-directed mutation of segregated
cells. After PCR amplification of the mutated region by using a forward
primer (Fw; 5~-CTACAACGGTGGCCCCTACCAACTG-3’) and a reverse
primer (Rv; '~GCTGATACCCAGGGCAGTAAACCAGATGCC-3")
(Fig. 2B), the PCR products were digested with Acl I. As shown in
Fig. 2C, amplified 554-bp DNA fragments (Fig. 2C, lane 4) were com-
pletely digested with Acl I in V185 mutant genome (lane 5). In contrast
to V185T genome, the amplified 554-bp DNA fragments in WT*3
genome could not be digested with AclI (lanes 2 and 3). To make sure,
the genomic DNA sequence of the open reading frame of psbA; was
confirmed by nucleotides sequencing by using a GenomeLab GeXP DNA
sequencer (Beckman Coulter).

The biosynthetic Ca/Sr and Cl/Br exchanges and PSII purifications

1261

BBA - Bioenergetics 1859 (2018) 1259-1273

Fig. 1. Structure of the Mn,CaOs
cluster and the surrounding environ-
ment [1]. Water molecules (W1-W4)
drawn in blue are ligands of the
cluster. Other water molecules (W5-
W9 and Wx) in pale red are molecules
hydrogen bonded to amino acid re-
sidues around the cluster. The D61,
Y161, V185, H332 and H337 are
amino acids of the D1 polypeptide.
The figure was drawn with Mac-
PyMOL with the A monomer in PDB
4UB6.

D2/K317

were achieved as previously described [53,58]. Native PSII is desig-
nated Ca-PSIL. PSII in which Sr** was substituted for Ca®* is desig-
nated Sr-PSIL PSII in which Br~ was substituted for C1™ is designated
Br-PSII. The purified Ca-PSII and Sr-PSII were suspended in 1 M be-
taine, 15mM CaCl,, 15mM MgCl,, 40 mM MES, pH6.5 (or 15mM
CaBr, and 15mM MgBr, for Br-PSII), then frozen in liquid nitrogen
until use.

2.2. SDS-polyacrylamide gel electrophoresis

Purified PSII (8 pug Chl each) suspended in 40 mM MES/NaOH
(pH 6.5), 10 mM NacCl, 10 mM CaCl,, 10 mM MgCl,, 0.03% n-dodecyl-
B-p-maltoside were solubilized with 2% lithium laurylsulfate, and then
analyzed by an SDS-polyacrylamide 16-22% gradient gel electrophor-
esis containing 7.5 M urea as previously described [59].

2.3. Oxygen evolution

Oxygen evolution under continuous illumination was measured at
25°C by polarography using a Clark type oxygen electrode (Hansatech)
with saturating white light through infrared and water filters. The in-
itial activity was measured in the presence of 0.5 mM 2,6-dichloro-p-
benzoquinone (DCBQ), dissolved in DMSO, as an electron acceptor. The
medium used contained 20 mM Good's buffer and 15mM CaCl, (or
CaBr»), 15 mM MgCl, (or MgBr5) and 20 mM NacCl (or NaBr). MES was
used for pH5.0, 5.5, 6.0, 6.5 and 7.0, HEPES was used for pH 7.5 and
8.0, and CHES was used for pH 8.5.

Oxygen evolution under flashing light was measured with a la-
boratory-made rate electrode [58]. Typically, 25l of a thylakoid sus-
pension at 1 mg of Chl mL™! was deposited onto the platinum elec-
trode. The volume of the circulating medium was =250ml and
contained 1 M M betaine, 15 mM CaCl,, 15 mM MgCl,, 50 mM KCl, and
40 mM MES, pH 6.5 (pH adjusted with NaOH). Illumination was done
with a xenon flash (PerkinElmer Optoelectronics). The intensity of the
flash was adjusted so that the light intensity was saturating (i.e. the miss
parameter was minimum). Measurements were done at room tem-
perature (20-25°C). The amplified amperometric signal resulting from
the flash-induced oxygen evolution was recorded with a numerical
oscilloscope.


http://firstglance.jmol.org/fg.htm?mol=4UB6
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A Fig. 2. Construction and confirmation of the
psbA3 gene in V185T site-directed mutant cells.

(A) Nucleotide sequence of psbAz and the amino
acid sequences around V185 in the WT*3 strain
and the PsbA3-V185T mutant. Positions of V185
is indicated with red letters. Numbers corre-
spond to the position from the initial codon.
Substituted nucleotides for V185T in the mutant
are indicated in small letters. For making and
selection of mutant, the Acl I restriction site
(letters in italic) was created in psbA3-Thr185 in
the same time. (B) Physical map around psbAs,
and theoretical length of amplified DNA by PCR
using Forward (Fw) and Reverse (Rv) primers.
The created Acl I (shown as Acl I*) site for
B V185T mutant is at position +552. The sizes of
554bp, 234bp + 320bp are DNA fragments

after digestion of the amplified DNA with Acl I.
(C) Agarose gel (2%) electrophoresis of PCR
products using the Fw and Rv primers (lanes 2
and 4) and the DNA fragments of the products

after digestion with Acl I (lanes 3 and 5). Lane 1

and 6, 100bp DNA ladder markers (Nacalai,
Japan); lanes 2 and 3, WT*3 strain; lanes 4 and
5, V185T strain.

(V185T)
Acl I
+1 3|1 8 5?2 8|72 1110
psbA, ORF K Gassete |
= Rv
PCR product
554 bp
WT*3
554 bp Digestion with Ac/ |
V185T 234bp . 320bp

2.4. EPR spectroscopy

X-band cw-EPR spectra were recorded with a Bruker Elexsys 500 X-
band spectrometer equipped with a standard ER 4102 (Bruker) X-band
resonator, a Bruker teslameter, an Oxford Instruments cryostat (ESR
900) and an Oxford ITC504 temperature controller. Flash illumination
at room temperature was provided by a neodymium:yttrium-aluminum
garnet (Nd:YAG) laser (532 nm, 550 mJ, 8 ns Spectra Physics GCR-230-
10). For visible light illumination a 800 W tungsten lamp filtered by
water and infrared cut-off filters was used. Illuminations for approxi-
mately 5-10s at temperatures close to 198 K were done in a non-silv-
ered Dewar in ethanol cooled with dry ice.

PSII samples were loaded in the dark into quartz EPR tubes at
1.1 mg of Chl mL ™! and dark-adapted for 1 h at room temperature. The
samples were then synchronized in the S;-state with one pre-flash [60].
After a further 1h dark-adaptation at room temperature the samples
were frozen in the dark to 198K in a dry ice ethanol bath and then
transferred to 77K in liquid N,. Prior to recording the spectra the

« 554 bp

« 320 bp
+— 234 bp

samples were degassed at 198 K.
2.5. Thermoluminescence measurements

Thermoluminescence (TL) glow curves were measured with a
lab-built apparatus [61,62]. Purified PSII were diluted to
10 ug ChlmL™' in 1M betaine, 40mM MES, 15mM MgCl,, 15mM
CaCl,, pH 6.5 and then dark-adapted for 1 h at room temperature. Flash
illumination was done at 0°C by using a saturating xenon flash. One
second after the flash illumination, the samples were heated at the
constant heating rate indicated in the legend of the figure and TL
emission was detected. It has been checked that, after the dilution, the
PSII samples had the same OD at 673 nm.

2.6. UV-visible time-resolved absorption change spectroscopy

Absorption changes measurements were measured with a lab-built
spectrophotometer [63] in which the absorption changes are sampled
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at discrete times by short analytical flashes. These analytical flashes
were provided by an optical parametric oscillator pumped by a fre-
quency tripled Nd:YAG laser, producing monochromatic flashes
(355nm, 1nm full-width at half-maximum) with a duration of 5ns.
Actinic flashes were provided by a second Nd:YAG laser (532nm),
which pumped an optical parametric oscillator producing monochro-
matic saturating flashes at 700nm with the same flash-length. The
path-length of the cuvette was 2.5 mm. PSII was used at 25 pg of Chl
mL~ %

For the detection at 292 nm, PSII samples were diluted a solution
containing 1 M betaine, 15 mM CaCl,, 15 mM MgCl,, and 40 mM MES
(pH 6.5). PSII samples were dark-adapted for =1 h at room temperature
(20-22°C) before the addition of 0.1 mM phenyl p-benzoquinone
(PPBQ) dissolved in DMSO.

For proton release/uptake detection, a solution containing 1 M be-
taine, 15mM CaCl,, 15 mM MgCl, and 150 uM Bromocresol purple as
indicator dye was used [64]. The pH was adjusted to 6.3, the pKj of the
dye, with NaOH. The solution was prepared several days before the
measurements and the pH adjusted three days before the experiments.
Such a procedure minimizes the drift in the base line at 575 nm during
the experiment. After dark adaptation of the PSII in this medium for 1 h
at room temperature, 100 uM PPBQ (in DMSO) and 100 uM potassium
ferricyanide were added.

3. Results

The T. elongatus V185T mutant cells were able to grow photo-
autotrophically as fast as WT*3 cells (i.e. with a doubling time close to
16 h, not shown) in the standard DTN medium at pH 7.6 under a low
light intensity of =50 pE. The oxygen evolution activity of the purified
V185 T-PSII measured under continuous illumination was found to be
approximately 10% of that in the WT*3-PSII sample, i.e. =420 vs.
~3800 umol O, (mg Chl)"'h~!. The polypeptide pattern in Fig. 3
shows that this weak activity was not due to the lack of one of the most
important PSII subunits. As it will be shown below, although some
degradation of the Mn4CaOs complex during the PSII purification
cannot be totally ruled out as previously reported [44,52,54] upon the
mutation of the V185 most of the effects reported in this study can be
interpreted as originating from a strong alteration of the S,-state cycle
in the V185T mutant.

Fig. 4 shows the flash-induced O, evolution during a sequence of
saturating xenon flashes (spaced 400 ms apart) in WT*3 (Panel A) and
V185T (Panel B) thylakoids. The samples were previously dark-adapted
for 1 h at room temperature on the polarized electrode before the flash
light illumination. This technique requires the use of thylakoids (or
cells) rather than isolated PSII because sedimentation of the sample on
the bare platinum electrode is required. The oscillations with a period
of 4 were well identifiable in the WT*3 sample whereas in the V185T
sample after the third flash, the oscillating O, evolution appeared
damped. This result slightly differs from what was observed with the
V185N mutant in Synechocystis 6803 in which the oscillation remained
more visible [52] suggesting more misses in the V185T T. elongatus
mutant than in the V185N Synechocystis 6803 mutant. Panel C shows
the kinetics of O, release in the WT*3 and V185T samples. The traces
shown in Panel C were arbitrarily scaled to the same maximum am-
plitude of the amperometric signal. As demonstrated by Lavorel [65],
the amperometric signal results from the convolution of the diffusion
limited O, pulse produced instantaneously in a thin layer at the surface
of the platinum electrode with the rate constant, k., of the S3Tyrz- to
SoTyrz + O, reaction. By using the full analysis previously described
[58] for kinetics recorded with our electrode, the data in Panel C in-
dicates that in the V185T mutant the ¢, for the O, release was, as
shown thereafter, close to 20 ms. Panel D shows theoretical ampero-
metric signals calculated as previously computed with O, produced in a
monolayer at the surface of the electrode [58]. The dashed line corre-
sponds to the theoretical response of our electrode when all O, is
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Fig. 3. Coomassie brilliant blue-staining of SDS-polyacrylamide gel electro-
phoresis of CI-WT*3-PSII, Br-WT*3-PSII, Cl-V185T-PSII and Br-V185T-PSII. The
amount of PSII loaded was 8 pg of Chl for each lane.

produced instantaneously. The trace with a continuous line corresponds
to a S3Tyrz- to SeTyrz + O reaction with a t; » = 1.5 ms and the trace
with a dotted line corresponds to the same reaction with a t; 5 = 20 ms.
Both for the maximum amplitudes, which appeared approximately 4
times smaller in the mutant (Panel B), and the experimental kinetics are
reasonably simulated by using these t;,,. The presence of an artefact
[52] in the 1 ms time range did not allow us to detect the lag phase in
the kinetics reported in Panel C. That will be addressed below.

Fig. 5 shows the amplitude of the absorption changes upon flash
illumination recorded in the WT*3-PSII (Panel A) and in the V185 T-
PSII (panel B). Measurements were done at 292 nm and in the hundreds
of ms time range [66,67], i.e. after the reduction of Tyrz- by the
Mn4CaOs cluster was complete. This wavelength corresponds to an
isosbestic point for PPBQ ™ /PPBQ, the added electron acceptor, and is
in a spectral region where the absorption of the Mn,CaOs cluster de-
pends on the S,-states [67]. The oscillating pattern with a period of four
is clearly observed for both samples although in the V185T-PSII they
appeared weaker. In WT*3-PSII the miss parameter was =9% with
~100% S, in the dark-adapted sample [58]. In the V185T-PSII the miss
parameter was calculated to be =10% with also almost no SoTyrp- (or
SoTyrp/S1Tyrp) in the dark-adapted state. Thus, the weaker signal could
be due to fewer active centers. To determine which steps could be af-
fected by the mutation in addition to the S; to Sy transition, the ab-
sorption changes at 292 nm were measured in the ps to ms time range
after each of the first four flashes given to dark-adapted PSII (Fig. 6).

Absorption changes at 292 nm reflect the Mn,CaOs cluster valence
changes [67] and the Tyr; redox state changes [68] occurring in the
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Fig. 4. Flash-induced oxygen evolution on each flash of a sequence of saturating xenon flashes (spaced 400 ms apart) given on WT*3-thylakoids (Panel A) and
V185T-thylakoids (Panel B). The samples (Chl = 1 mg/ml) were dark-adapted for 1 h at room temperature on the polarized bare platinum electrode prior to the
illumination. Panel C, kinetics of the oxygen release measured after the third flash given on WT*3-thylakoids (trace a) and V185T-thylakoids (trace b) dark-adapted
for 1 h on the bare platinum electrode. To normalize the traces, the amplitude of trace b was multiplied approximately four times. Other experimental conditions
were as in Panels A and B except that the time scale was sampling time was 10 times faster. Panel D, expected amperometric signal in WT*3-thylakoids (continuous
line) and V185T-thylakoids (dotted line). The traces were calculated by using a diffusion time calculated [58]. The dashed line corresponds to the diffusion limited O,
pulse produced instantaneously in a mono-layer, ®(t) function, for an experimental diffusion time, t;, measured equal to 7 ms [58].

SlTyrz' — S2Tyrz, SzTyrz' — S3Tyrz, SgTyrz' — SoTyrz, and SoTyrz' d
S1Tyrz transitions. Only minor absorption changes could be detected
after the second flash and the fourth flash. Indeed, the Al/I changes
associated with the SyTyrz+ — S3Tyry and SoTyrz+ — S;Tyry transitions
are small thus precluding the reliable kinetic analysis of the S, to S3 and
Sp to S, transitions [67]. On the other hand, because these two transi-
tions only weakly contribute to the absorption changes at this wave-
length, the half-times of the S;Tyrz+ — SyTyrz and S3Tyrz. — SoTyrz

transitions may be reliably determined from the raw data without any
deconvolution procedures. The S;Tyrz+ — S,Tyrz transition was slightly
slowed down from t;,» = 40-50pus in WT*3-PSII, Fig. 6A, to t;,
2 = 100-150 ps in V185T-PSII, Fig. 6B. The kinetics of the S3Tyry: —
SoTyrz transition includes a lag phase, e.g. [5,58,66] attributed to
structural rearrangements in the S3Tyrz- — (S3Tyrz-)” in which a
proton release occurs. Data in Fig. 6 show that the length of the lag
phase was increased from =100-200 ps in WT*3-PSII to =1-2ms in

2.5 2.5
L]
2.0 A 203 B
"‘2 1.5 ‘“2 154
o o
1.0 [ 1.0
: 054 ¢ / \ e : 0.5
o 0.54 o 0.54 °
=N . ° /\ o =N ° " \
N o e —e S\ o —® _e_, e
= 004 \ /. \ /' e e® o 001 \ / “ /. N i ST S
= A = [
5057 % 5057 \
-1.04 -1.0
L]
-5 T T T T -15 4 T T T T

9
flash number

9
flash number

Fig. 5. Sequence of the amplitude of the absorption changes at 292 nm using a series of saturating flashes (spaced 300 ms apart) and given to WT*3-PSII (Panel A)
and V185T-PSII (Panel B). The samples (Chl = 25 ug/ml) were dark-adapted for 1h at room temperature before the addition of 100 uM PPBQ dissolved in di-

methylsulfoxyde. The measurements were done 200 ms after each flash.

1264



M. Sugiura et al.

= N
n o
1 | |

SO
wn =]
1 1
e o
L)
L)

o
o
|

AT at 292 nm x 10°
S

-1.04

-1.54

T T T T
10 100 1000 10000 100000

Time (ms)

AT at 292 nm x 10

BBA - Bioenergetics 1859 (2018) 1259-1273

2.5
2.04

0.5

0.0
-0.54

-1.0 1

B

10

-1.54

T T T T
100 1000 10000 100000

Time (ms)

Fig. 6. Kinetics of the absorption changes at 292 nm after the first flash (black points), the second flash (red points), the third flash (blue points), and the fourth flash
(green points) given to dark-adapted WT*3-PSII (Panel A) and V185T-PSII (Panel B). Other experimental conditions were similar to those in Fig. 4.

V185T-PSII and that the (S3Tyrz-)’ — SoTyrz transition was also dra-
matically slowed down from t; » = 1-2ms in WT*3-PSII to t; ,» = 20 ms
in V185T-PSIL. The structural changes induced by the mutation in both
the S,- and S3-states were further examined by EPR spectroscopy using
both Ca-V185T PSII and Sr-V185T PSII. Indeed, we have previously
shown that the substitution of Sr for Ca had an effect on the LS/HS ratio
in S, [26] in WT*3-PSII by involving long-range interactions. For these
reasons, the possible effect of the Ca/Sr exchange on this equilibrium in
the V185N mutant deserved to be tested.

Formation of the S,-state was monitored by EPR spectroscopy
(Fig. 7) in both Ca-V185T PSII (Panel A) and Sr-V185T PSII (Panel B)
after either 1 flash given at room temperature (spectrum a) or con-
tinuous illumination for 5s at 198K (spectrum b). The spectra shown
are the light-minus-dark difference spectra. As in previous works [26],
no electron acceptor was added to avoid the oxidation of the non-heme
iron, which gives an EPR signal that overlaps with parts of the high spin
EPR signals in S, and with the S = 3 S; signal. Several observations can
be made from these spectra. Firstly, all the light-minus-dark difference
spectra contained a multiline signal between 2500 and 4200 gauss and
signals at magnetic fields below 2200 gauss. These signals at low field
are reminiscent, although not identical, of those recorded in samples in
which chloride was substituted for iodide [69]. In both Ca-V185T-PSII
and Sr-V185T-PSII these low field signals originate from a high spin
configuration of the Sy-state. Secondly, the multiline signals in Ca-

S e

4000

0 1000 2000 3000

Magnetic field (gauss)

V185T-PSII and Sr-V185T-PSII are different and also differ from their
counterpart in Ca-WT*3-PSII and Sr-WT*3-PSII [26,30] (see the Sup-
plementary material). Thirdly, whereas the amplitudes of the S, mul-
tiline signals induced by either 1 flash at room temperature or an il-
lumination at 198K were similar, the amplitude of the high spin S,
signals were significantly larger (about twice in Ca-V185T-PSII) after
the flash illumination than after the illumination at 198 K. After the
198 K illumination in the Ca-V185T-PSII, there was no evidence for the
formation of a Chl™ or Car™ radical (see Supplementary material).
Instead, some high potential Cytbsso™ was induced (g, = at =~2200
gauss in spectrum b, Panel A) by the illumination at 198 K, but not by
the 1 flash illumination, very likely in part of the centers which did not
progress to S, at 198 K. These data also suggest that the Ca/Sr exchange
did not significantly modify the LS/HS equilibrium in the S,-state of the
V185T-PSIL. In a small proportion of centers, the 198 K illumination
resulted in the formation of a S;Tyrz- split signal seen of the left side of
the Tyrp- signal, something that is more generally observed under il-
lumination at helium temperatures in wild type samples [70,71]. Upon
the illumination at 198K, a large Q, “Fe?* Qg™ signal was induced at
g = 1.6 (turning point at 4200 gauss). This indicates that, in the ab-
sence of an added artificial acceptor, Qg~ was present in a large pro-
portion of centers (=40%) in our dark-adapted T. elongatus PSII sample,
as previously reported [11].

In Fig. 8, formation of the S3-state was monitored in the V185T

fﬂW
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Magnetic field (gauss)

Fig. 7. EPR spectra recorded in Ca-V185T-PSII (Panel A) and Sr-V185T-PSII (Panel B) after either 1 laser flash at room temperature (curves a) or continuous white
light illumination at 198 K (curves b). The spectra are the “light”-minus-“dark” difference spectra i.e. the spectra recorded after illumination minus spectra recorded in
dark-adapted PSIL. [Chl] = 1.1 mg:mL ™. Instrument settings: Temperature, 8.6 K; modulation amplitude, 25 G; microwave power, 20 mW; microwave frequency,
9.4 GHz; modulation frequency, 100 kHz. The saturated signal centered at ~3385 gauss originated from Tyrp-.
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Fig. 8. EPR spectra recorded in Ca-V185T-PSII (spectrum a), Sr-V185T-PSII
(spectrum b) and WT*3-PSII (spectrum c) after 2 laser flashes given at room
temperature. The spectra are the “light”-minus-“dark” difference spectra i.e. the
spectra recorded after 2 flashes minus spectra recorded in dark-adapted PSII.
[Chl] =1.1 mg~mL‘1. Instrument settings: Temperature, 8.6 K; modulation
amplitude, 25 G; microwave power, 20 mW; microwave frequency, 9.4 GHz;
modulation frequency, 100 kHz.

mutant both in Ca-PSII (spectrum a) and in Sr-PSII (spectrum b). The Ss-
state was induced by 2 flashes given at room temperature. For com-
parison, the Ss-signal in Ca-WT*3-PSII is also shown (spectrum c).
Whereas in S, the 3 samples exhibited different EPR signals, the S3
signal was affected neither by the V185T mutation nor the Ca/Sr ex-
change and corresponded to the known S = 3 S; signal [27-29], see
also [26] for the similar S = 3 S3 EPR signals in Ca-WT*3-PSII and Sr-
WT*3-PSII. The amplitude of the S = 3S; signal was nevertheless
slightly smaller in the Sr-V185T-PSII than in the Ca-V185T-PSII.

It has been shown that in both Ca-WT*3-PSII and Sr-WT*3-PSII, the
S,MS_state formed from the S,"S-state after increasing the pH was cap-
able of advancing to S; at low temperature as low as 198 K [26]. This
was considered as an experimental demonstration that the S,"° is
formed first and advances to S via the S,"S-state. Fig. 7 shows that both
the Ca-V185T-PSII and the Sr-V185T-PSII already exhibited a high
proportion of centers in a S,™ configuration at pH 6.5. Therefore, after
one flash has previously been given at room temperature to generate Sy,
a further illumination, without modifying the starting pH value
(pH 6.5), was given at 198 K. Fig. 9 Panel A shows the (1 flash + hv
198 K)-minus-(1 flash) difference spectra in V185T-Ca-PSII (spectrum a)

A

1000 2000 3000 4000

Magnetic field (gauss)
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and in V185T-Sr-PSII mutant (spectrum b). Panel B is a zoom of the
spectra in the low magnetic field region. The 198K illumination re-
sulted in the formation of the Q, “Fe?>* Qg™ signal at g = 1.6 and in the
oxidation of Cytbsso in a proportion of centers. More importantly, in
both samples, the 198 K illumination induced the loss of the S,™ signal
and the appearance of main feature of the S = 3 S signal centered at
=700 gauss. The 198 K illumination also resulted in the formation of a
split signal seen of each side of the Tyrp- signal. In WT*3-PSII, this split
signal is similar to that induced in PSII centers in which only the LS
configuration is present in S, and corresponds to the S,"Tyr;- split
signal [26,71]. Since in the Ca-V185T-PSII the S,HS state is shown to be
capable to progress to S; at 198K it seems very likely that this split
signal also corresponded to the S,"STyr,- state. This split signal ap-
peared smaller in the Sr-V185T-PSII likely because the proportion of
S,'S was less in this sample. A possible faster decay of the S,"STyr--
state in the Sr-V185T-PSII which would originate from a faster tun-
neling-type back-reaction [72] will be investigated in future studies. It
should be noted, mainly in Sr-V185T-PSII, that the S, Hs signal that
disappeared upon the 198 K illuminations had a different shape that the
signal present before the 198 K illumination and induced by 1 flash at
room temperature. This likely means that the S,MS-state in the Sr-
V185T-PSII is heterogeneous and that only one form is able to perform
the S, to S5 transition at 198 K. This situation was already met in PSII
upon the exchange of chloride for iodide where the high spin form of S,
was unable to advance to S; at 198K [69].

In Ca-WT*3-PSII the pH value at which the S, configuration fully
converts into the S, configuration [26] is much higher than the pH
value at which the O, evolution under continuous illumination is the
larger, i.e. pH = 9.0 vs. pH = 6.5 with PPBQ as the added electron
acceptor. Panel A in Fig. 10 shows the pH dependency of the O, evo-
lution under continuous illumination in CI-WT*3-PSII (black) and CI-
V185T-PSII (red) and Panel B in Fig. 10 shows the O, evolution in Br-
WT*3-PSII (black) and Br-V185T-PSII (red). The effect of the substitu-
tion of chloride for bromide was monitored here to have a look for a
possible interaction between the V185 residue and the nearby halide. In
Ca/Cl-WT*3-PSII, i.e. with PsbA3 as D1, the activity was maximum at
pH 7.0 as previously observed in Ca/Cl-43H-PSI], i.e. with PsbAl as D1,
in the presence of DCBQ [73], the electron acceptor used here. In wild-
type PSII, the limiting step under continuous illumination is mainly on
the acceptor side which very likely explains the small difference in the
pH dependency between PPBQ and DCBQ [73]. In Ca/Cl-V185T-PSII,
the optimum pH was down shifted by 1 pH unit to pH 6.0. Upon the Cl/
Br exchange, the V185T-PSII and WT*3-PSII samples exhibited an op-
posite effect with now a similar pH dependence and an optimum at the
same pH value, i.e. pH = 6.5, in Ca/Br-V185T-PSII and Ca/Br-WT*3-

B a

—T— L — T ™
500 1000 1500 2000

o -

Magnetic field (gauss)

Fig. 9. Panels A and B: EPR spectra recorded in Ca-V185T-PSII (spectra a) and Sr-V185T-PSII (spectra b) after a continuous white light illumination at 198 K
following 1 laser flash given at room temperature. The spectra are difference spectra i.e. the spectra recorded after the illumination at 198 K minus spectra recorded

after 1 flash at room temperature. Same instrument settings as in Fig. 7.
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Fig. 10. Relative oxygen-evolving activities at different pH values of Ca/Cl-WT*3-PSII (black) and Ca/Cl-V185T-PSII (red) in Panel A and Ca/Br-WT*3-PSII (black)
and Ca/Br-V185T-PSII (red) in Panel B. Absolute values are 3800 umol O, (mg Chl)"*h™', 420 umol O, (mg Chl) "*h~!, 1650 umol O, (mg Chl)"*h~%, and
370 umol O, (mg Chl) "'h ™, in Ca/Cl-WT*3-PSII at pH 7.0, Ca/Cl-V185T-PSII at pH 6.0, Ca/Br-WT*3-PSII at pH 6.5 and Ca/Br-V185T-PSII at pH 6.5, respectively.

The values of the activities are the average of at least 3 measurements.

PSII.

During the turnover of the S,-state cycle, the increase in charge
resulting from electron abstraction from the Mn,CaOs cluster is com-
pensated for by proton release(s), thus keeping the redox potential of
the catalytic center below that of Tyrz-/Tyry [74-76]. There is a broad
consensus that at pH 6.5 the stoichiometry for the proton release from
the water oxidizing complex into the bulk is close to 1, 0, 1, 2 protons in
the So — S1, S;1 — S, Sy — S3 and S3 — S, transitions, respectively, e.g.
[77-82]. In wild-type PSII, after increasing the pH, the ability of the
S,MS_state to progress to S5 at 198 K was suggested to be due to the S,"-
state being deprotonated [26]. It was further suggested [26] that the
increase of pH mimics the electrostatic influence of Tyr;-(His*) on the
I equilibrium when the enzyme function at low pH values. In
this model, we could predict that at high pH values the proton release
that normally occurs in the S, to S; transition would occur on the S; to
S, transition. Since in the V185T mutant the S," configuration was
observed without increasing the pH value and since the efficiency of
S,MS formation was greater when the state was generated at room
temperature it seems indeed possible that the pattern of the proton
release is modified by the V185T mutation. This hypothesis has been
investigated by measuring the absorbance changes of the indicator dye
bromocresol purple as previously described for Sr/Br-WT*3-PSII [64].

Firstly, the time-resolved flash dependence of the proton release was
investigated in Ca/Cl-WT*3-PSII, something that has not yet been re-
ported in the literature for PSII from T. elongatus with this procedure.
Fig. 11 shows the absorption changes at 575 nm which are associated
with changes in the protonation state of bromocresol purple, after fla-
shes given to a dark-adapted WT*3-PSII (Panel A). At 575 nm, the un-
protonated form of the dye has the largest extinction coefficient so that
a light-induced decrease in absorbance reflects a proton release by PSII.
The kinetics shown in Fig. 11 were recorded after the first flash (black),
the second flash (red), the third flash (blue) and fourth flash (green).

After the first flash, i.e. in the S; Tyr;- to S,Tyr; transition, no proton
release was expected to occur (see above). Instead, the data show that
there was a proton uptake occurring in two different time ranges. The
slowest one, starting approximately 20 ms after the flash illumination,
and already seen previously [64], has an unknown origin. It was pro-
posed to possibly result from reactions involving the added electron
acceptors. Alternatively, it could correspond to a drift in the base line
that is unavoidable for such long time range. Fortunately, as previously
described [64], it occurs on all flashes with the same amplitude and it
can therefore be easily subtracted (see the Supplementary material).
The fastest proton uptake very likely corresponds to the reduction of the
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non-heme iron by Q" in centers in which the iron was oxidized prior
to the flash [64]. In WT*3-PSII, this proton uptake occurred mainly on
the first flash because the non-heme iron had no time to be reoxidized
between the flashes under the conditions used here.

After the second flash, i.e. in the S,Tyrz- to S3Tyrz transition, a
proton release was now detected with a t; 5 close to 30-40 ps. Data at
575nm in Fig. 11 and those at 292 nm in Fig. 6 cannot be compared
after the second flash because at 292 nm the absorption of the S,Tyrz*
and S;Tyr states are too close so that almost no absorption changes are
detectable. The fast proton release observed after the 2nd flash illu-
mination was then followed by the slow proton uptake described above.

After the third flash, 2 different proton release kinetics were ob-
served. A fast one with a t; 5 of =20 s occurring during the lag phase
observed at 292 nm and a slowest one with t; » = 1-2 ms similar to the
S3Tyrz- to SeTyrz transition measured at 292 nm and to the O, release
measured with the rate electrode. These proton releases are then fol-
lowed by the slow proton uptake described above.

In contrast to the measurement at 292 nm which does not allow the
resolution of the SoTyrz- to S;Tyrz transition, a proton release was
observed after the fourth flash. The t;,» of this proton release was
=~ 200 ps that was totally different from that measured on the 3rd flash
thus showing that it was not due to the S3Tyrz- to SeTyrz transition in
centers still in S3 after the 3rd flash due to the misses. The t; » = 200 ps
for the proton release measured here in the SoTyrz- to S;Tyry transition
was approximately 4 times slower than the electron transfer rate [66].
To our knowledge, these data constitute the first direct measurement of
the time-resolved proton release in this transition.

The rough data in the WT*3-PSII described above are clear enough
to be interpreted without additional treatments. However, for the
analysis of the data in the V185T-PSII such refinement will be useful.
This treatment is explained in detail in the Supplementary material. In
WT*3-PSII, it mainly consisted in the subtraction of the slow uptake
contribution which occurred on all flashes. Panel C in Fig. 11 shows the
result of such a subtraction. A remaining small fast proton uptake is
now detectable on the second flash indicating that the reduction of the
non-heme iron was probably not complete on the first flash. By com-
paring the amplitude of the AI/I changes, the stoichiometry for the
proton release in WT*3-PSII, at pH 6.3, appeared very close to the well-
known 1,0,1,2 pattern for the SoTyrz- — SiTyrz, S;Tyrz: — SoTyry,
SoTyryz+ — S3Tyrz and S3Tyrz+ — SoTyry transitions, respectively.

Panel B in Fig. 11 shows the kinetically resolved proton uptake and
proton release in the V185T-PSII. A similar analysis to that done above
in WT*3-PSII was used for the mutant. After the first flash, i.e. in the
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Fig. 11. Time-courses of the absorption changes at 575 nm after the first flash (black points), the second flash (red points), the third flash (blue points), and the fourth
flash (green points) given to dark-adapted WT*3-PSII (Panel A) and V185T-PSII (Panel B) given to dark-adapted PSII samples in the presence of 150 uM bromocresol
purple, 100 uM PPBQ and 100 pM ferricyanide. Panels C and D show the corrected time courses of the absorption changes by subtracting the apparent proton uptake
which occurs in all S-state transitions as described in the Supplementary material. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

S1Tyrz- to S,Tyr; transition, a fast decrease in the absorption was ob-
served thus showing that in contrast to the WT*3-PSII there was a
proton release in this transition. The origin of this proton will be dis-
cussed thereafter. Then, as in WT*3-PSII, there was a proton uptake
occurring in two different time ranges. One after 20 ms, with a similar
kinetics to that in the WT*3 sample and a faster one similar to that of
the proton uptake corresponding to the reduction of the non-heme iron
by Qa™.

On the second flash, i.e. in the S;Tyrz- to S3Tyr; transition, there
was a proton release followed by the two kinetically distinct uptakes. It
appears that, in contrast to the WT*3-PSII sample, these two uptakes
were observed on all flashes in the mutant. This suggests that the
proportion of centers in which the non-heme iron was reoxidized be-
tween the flashes under the conditions used was larger in the V185T
mutant. Indeed, EPR controls confirmed that the proportion of oxidized
non-heme iron could be larger in the V185T-PSII (not shown).

On the third flash, two kinetically proton releases were observed.
The faster one occurring during the lag phase observed at 292 nm and a
slower one with a t; » = 20 ms similar to that of the (S3Tyrz-)’ to SoTyrz
transition measured at 292nm. A proton release significantly slower
than the fast one observed after the 2nd and 3rd flash was also de-
tectable after the 4th flash.

As described in the Supplementary material, we tentatively sub-
tracted the “uptake” contributions and the result is shown in Panel D of
Fig. 11. Although the result is not perfect, mainly on the second flash,
the proton release stoichiometry and the kinetics are identifiable on
each of the 4 flashes. Except for the differences in the kinetics, another
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important change between WT*3-PSII and V185T-PSII was the detec-
tion of a proton release after the first flash in the latter. Two different
origins can be proposed for this proton: i) a proton associated with the
formation of the S,-state and ii) an electrostatically triggered proton
release induced by the Tyr; oxidation [83] in a proportion of V185T-
PSII that are Mn-depleted. It has been shown [83] that the kinetics for
the proton release in inactive PSII was slightly slower (approximately
two times) upon Tyr; oxidation than in active PSIIL. This is exactly was
we also observed by comparing the release on the first flash to that in
Mn-depleted PSII (see Supplementary material). Although we cannot
rule out the contribution of dead centers in the data reported in Panels
Cand D in Fig. 11, it seems likely that active centers also contributed in
the proton release observed on the first flash and we tentatively attri-
bute this proton release to centers in which the S,"S-state is formed by
the 1 flash illumination. The fast proton release in the SyTyrz- to S3Tyrz
transition seen in all the centers in WT*3-PSII and in centers in which a
S, is formed after the 1 flash illumination in the V185T-PSII is at-
tributed to the S,"Tyr,- to S,™STyr,- transition. The consequence is
that the proton release with a t; , of 30 ps and detected in the S,"5Tyry-
to Ss transition in WT*3-PSII at pH 6.5 occurred in the S,5 — §,HS
transition triggered by the formation of Tyrz-.

Calculations have predicted that the S,"5 and S,™™ configuration in
wild-type PSII are close in energy at room temperature [35,84-86].
Such energy levels could be in principle experimentally probed by re-
cording the themoluminescence [87,88] after one flash given at dif-
ferent pH values. Unfortunately, varying the pH has several effects on
the TL emission mainly by affecting the protonation state of the
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Fig. 12. Thermoluminescence glow curves from S;Q.~ /DCMU charge re-
combination measured after one flash given at 0 °C in WT*3-PSII (curve a) and
V185T-PSII (curve b). The samples were previously dark-adapted at room
temperature for 1 h before being loaded into the cuvette and illuminated. The
heating rate was 0.6 °C/s.

acceptor side [89]. Here, we used the property of the V185T mutant
which exhibits a high proportion of centers in the S,"® configuration at
a pH value where all the centers are in S, configuration in the WT*3-
PSII with the hope to get round this problem. Fig. 12 shows the ther-
moluminescence curves for the S,Qa~ charge recombination after one
flash in the presence of DCMU which blocks the forward electron
transfer from QA ~ to Qg in WT*3-PSII (curves a, black) and V185T-PSII
(curves b, red). A slightly higher peak temperature was observed in the
V185T-PSII mutant which is indicative of a slightly lower energy level
[87,88] for S, assuming no changes on the acceptor side in V185T-PSII.
This was deduced from fluorescence decay measurements in the
V185N-PSII mutant in Synechocystis 6803 [52] even if minor changes on
the acceptor side cannot be totally ruled out since, for example, we
already saw that the Ca/Sr exchange affected also the E,, of the Q4 /Qa
couple [90]. However, these possible effects on the acceptor side did
not result in significantly different fluorescence decay [52].

An enhancement of the thermoluminescence emission is expected to
accompany a higher peak temperature. However, as previously dis-
cussed [88], this enhancement can be small as observed in Fig. 12. By
measuring the S,Qa~ charge recombination after 1 flash in the pre-
sence of DCMU at different heating rates (not shown) it has been found
that the proportion of non-radiative charge recombination by the direct
and/or indirect routes was not modified in the mutant. According to the
empirical relationship between the shift in free energy and in the peak
temperature [87,88], i.e. = +0.6°C/mV, the upshift of the peak tem-
perature in V185T-PSII by approximately =8 °C, from 27 °C to 35 °C,
would correspond to a decrease in the free energy level in the mutant by
~13 mV. Such result is in agreement with the theoretical works men-
tioned in the introduction since the presence of a deprotonated HS
configuration has only a minor effect on the free energy level of S,.

4. Discussion

Valine 185 of the D1 subunit has been shown to be a key amino acid
residue in the mechanism of O, evolution [41,44,52,54]. In Synecho-
cystis 6803, mutation of this residue into asparagine dramatically
slowed down the two steps S3Tyrz+ — (S3Tyrz+) — SeTyrz + O,. The
proximity of the chloride with V185 led the authors [52] to propose an
alteration of the halide environment upon the mutation of V185 to-
gether with perturbations of both the H-bond network and the water
molecules close to O5 [54] that is proposed to be one of the substrate
water molecules [29,35,36,91]. As mentioned in some theoretical pa-
pers [92,93], the original DFT studies analyzing the water insertion in
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the S, to Ss transition into the Mn4CaOs cluster [36] did not take into
account that the V185 residue could be a hindrance for water binding to
the Mnl. Further computational works suggested that V185 needed to
rotate to allow the binding of the water molecule to Mn1 [93]. In the
present work, the role of V185 has been further experimentally in-
vestigated by studying the PSII properties of a V185T mutant in the
thermophilic cyanobacterium T. elongatus.

The V185T mutant in T. elongatus was able to grow photo-
autotrophically despite the strong alteration of the PSII function. The
data in Fig. 3 show that the PSII polypeptide profile was not modified in
the mutant thus showing that these alterations were not due to the loss
of polypeptides, at least these subunits that are in the detection range of
a polyacrylamide gel electrophoresis. As in the V185N mutant in Sy-
nechocystis 6803, the V185T mutation in T. elongatus strongly slowed
down the O, evolution both under continuous illumination and flash
illumination. From a theoretical activity of 6000pumol O, (mg
Chl)“'h™', which corresponds to =50 O, molecules evolved per PSII
and 2 Qp/QgH> exchanges per second, one can infer that the limiting
step for 1 O, evolved takes 20 ms. This value is much larger than the
lifetime found for the S3Tyrz- to SoTyrz transition in WT*3 samples. In
contrast, in V185T-PSII, the slowness of the S3Tyrz- to SoTyry transition
measured under flash illumination in Fig. 4C with a t;,, = 20ms is
expected to translate into a decrease of the O, evolution activity under
continuous illumination. The simulated O, evolution in Fig. 4D shows
that this slow down fits relatively well with the decrease by a factor =4
of the amplitude of the O, evolution under flash illumination in the
V185T thylakoids measured in Fig. 4B when compared to the WT*3-
thylakoids in Fig. 4A. In contrast to the situation in Synechocystis 6803
V185N mutant [52], the oscillations were also severely damped thus
suggesting that other S-state transitions could be affected in the T.
elongatus V185 T mutant. This was investigated by measuring the flash
induced absorption changes at 292 nm. The damping of the oscillation
with a period four in the V185T-PSII appeared much less severe than in
the flash O, measurement reported in Panel B of Fig. 4 for V185T-
thylakoids. This is not totally unexpected because the presence of an
electron acceptor in the experiment reported in Fig. 5 which rapidly
oxidizes the reduced quinones, may prevent the charge recombination
that can occur during the long lifetime of the S3Tyrz- state in the mu-
tant.

The data in Fig. 6 show that the V185T mutation has strong con-
sequences on the kinetics of the two S3Tyrz: — (S3Tyrz:) —
SoTyrz + O, transitions and to a less extent on the S;Tyrz- — SyTyrz
transition (kinetics data are summarized in a table in the Supplemen-
tary material). The t; 5, found at 292 nm for the S3Tyrz- — (S3Tyrz-)’
transition, =1-2ms instead of 100-200us in WT*3-PSII, and
(S3Tyrz+) — SoTyrz transition, =20 ms instead of 1-2 ms in WT*3-PSII,
are in good agreement with the rate of O, evolution measured in Fig. 4
with thylakoids although the artefact at the shortest times with the rate
electrode, see also Ref. [52], did not allow us to precisely estimate the
lag-time. The increase in the t;,» of the S;Tyry- — S,Tyry transition
from =50us in WT*3-PSII to =100-150ps in V185T-PSII may con-
tribute to the decrease of the activity of the mutant by favoring the
probability of a Tyr;-Q~ charge recombination in the S;-state even in
the presence of added electron acceptors. From QM/MM calculations
[91], Val185 has also been proposed to play a key role in the S4 to So
transition in the initial O, release process by acting as a hydrophobic
one-way gate to transfer only O, from the active site to the O, channel
and in the further water insertion. The data above show that the V185T
mutation affects to same extent the kinetics of the O, release and the
reduction kinetics of the Mn4CaOs cluster.

Some of the structural consequences of the V185T mutation have
been probed by recording the EPR spectra of the Sy-state and Ss-state
both in the Ca-containing and Sr-containing mutant PSII (Figs. 7 and 8).
Several observations could be done. Firstly, the Ca-V185T-PSII and the
Sr-V185T-PSII exhibited a high proportion of S, in a high spin config-
uration. Secondly, both the S,* and S,™ states have their EPR
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properties modified when compared to the WT*3-PSII thus showing
that the modifications of the environment of the Mny-cluster induced by
the V185T mutation affect the magnetic couplings inside the cluster.
The high proportion of S,"™® state was observed at a pH value at which
the activity of PSII is close to the maximum (Fig. 10). This contrasts
with the situation in Ca-WT*3-PSII in which the S, configuration is
observed only at pH = 8.0, something explained with a model in which
a deprotonation of the S, 5-state triggers the formation of the S,S-state
[26]. The observation of a high proportion of the S, at pH 6.5 implies
that the pK, of the group(s) which deprotonate(s) in the S, to S,
transition are significantly lowered by the V185T mutation thus con-
firming that the V185T mutation perturbs the large H-bond network
around the Mn4CaOs cluster. Among the groups identified as possibly
being subject to this deprotonation they are W1, W2, W3, W4, D61,
H332 and H337 [26]. In agreement with this suggestion, it has been
recently shown [44] that in Synechocystis 6803 the V185N mutation
altered the environments of the carboxylate groups whose the pK, va-
lues change in the S, to S, transition. Thirdly, the S,"S was formed both
by a flash illumination at room temperature and by illumination at
198 K, whereas in Ca-WT*3-PSII the formation of the S,"S-state was not
detected at any pH value, when the S,-state was induced by low tem-
perature illumination. However, in both the Ca-V185T-PSII and the Sr-
V185T-PSII, whereas the amplitudes of the S, multiline signals in-
duced by either 1 flash at room temperature or an illumination at 198 K
were similar, the amplitude of the S," signals were significantly larger
after the flash illumination rather than the illumination at 198 K.
Usually, larger S, signals are observed when the S,-state is induced by
continuous illumination at 198 K rather than by flash illumination at
room temperature because the miss parameter does no longer con-
tribute to the decrease of the yield of the S, formation. This result
therefore suggests that, in the V185T-PSII, the temperature dependence
efficiency of the S; to S, transition differs from that in WT*3-PSIIL. To
rationalize these observations, a model can be proposed in which the
group(s) whose the deprotonation trigger(s) the S, to S,™ transition
has(have) an apparent pK, close to 6.5, instead of 8.3 in Ca-WT*3-PSII
[26], and in which this(these) group(s) is(are) already deprotonated in
a fraction of centers, approximately half, in the S;-state. In the popu-
lation of centers in which these groups are not deprotonated, the S; to
S, transition would be blocked at 198 K. As the deprotonation discussed
here has been shown to occur only at temperatures =230K [30], the
formation of a small proportion of S, in the HS configuration upon an
illumination at 180 K of Sr-WT*3-PSII already led us to suggest that, in
some centers, such a deprotonation could occur in the S;-state [30].
Finally, to explain why some centers do not progress to S, at 198 K in
the V185T mutant it can be proposed that in the mutant the S,"S-state is
formed directly from S; without the formation of the S,"S-state as an
intermediate. The model described above implies that a deprotonation
event is required in the S; to S, transition in the V185T mutant. This
was addressed by measuring proton releases under flash illumination by
using bromocresol purple, at 575nm, as a pH sensitive dye. At this
wavelength, the protonated form of the dye has the smallest extinction
coefficient so that a light-induced decrease in absorbance reflects a
proton release by PSII and the light-induced increase in the absorbance
reflects a proton uptake by PSII.

Several different approaches concurred in establishing the proton
pattern release: sensitive glass electrode [78,81], absorption changes of
pH-responding dyes [77,79,81] and isotope-edited infrared spectro-
scopy [80]. Alternative methods have been also used that do not probe
directly changes in H* concentration in the bulk phase, but the con-
sequences of the proton release in terms of charges distribution within
the protein, using electrochromic bandshift [79], or in terms of free
enthalpy change by time-resolved photothermal beam deflection [75].
These time resolved measurements evidenced the release of one proton
per PSII in the SoTyrz+- — S1Tyrz and in the S,Tyrz- — S3Tyrz transi-
tions and one proton in each of the two S3Tyrz+ — (S3Tyrz:) — SoTyrz
transitions.
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All the events affecting the concentration of protons in the bulk and
which are expected to occur in the WT*3-PSII and V185T-PSII samples
are clearly identifiable in Fig. 11. Moreover, the oscillating pattern of
the absorption changes at 575 nm after each flash was similar to that at
292 nm thus showing that the proton release pattern follows the S-state
cycle (not shown). In WT*3-PSII, in the S; Tyrz+ — S,Tyr transition (1%
flash) no proton release was observed in agreement with the literature.
Instead, a proton uptake was observed in the time range corresponding
to the reduction of the non-heme iron by Q5= [11,64]. The non-heme
iron is indeed oxidized in a proportion of centers in dark-adapted T.
elongatus PSII samples, e.g. [11]. Upon its reduction by Q5 , the reox-
idation has no time to occur between the flashes (300 ms apart) [64] so
that it contributes mainly on the first flash. The very small uptake ob-
served on the 2™ flash in Fig. 11A and B can be reasonably attributed to
the same non-heme iron reduction in the centers in which it was not
reduced after the first flash due to the misses which are close to 10% in
this material [58]. In the S,Tyrz-— S3Tyr; transition (2™ flash) a
proton release was detected with a t;,, close to 30-40 ps. This t; o,
which is in very good agreement with previous measurements [75,94],
is approximately 10 times smaller than the t;  of the electron transfer
reported in the literature for this transition, i.e. =300 us [66,94,95].
Interestingly, a complex time-resolved infrared signal has been ob-
served in the time range of the proton release before the rise intensity in
the trace of the reduced Tyr; [96]. Therefore, we propose that this
proton release occurs in the S,"5 to S, transition triggered by the
formation of Tyrz- prior to the electron transfer from the S,"S-state to
Tyrz-. After the 3™ flash, a proton release was observed with two dis-
tinct kinetic phases. The fast one, ended after =100 ps, corresponds to
the proton releases in the S3Tyr;+ — (S3Tyrz+)’ transition seen as a lag
phase in absorption change measurements at 292nm (Fig. 6A) in
agreement with previous measurements [97]. The slow one occurred
with a t;,» close to 1.5ms and corresponds to the (S3Tyrz:) — SoTyrz
transition also seen at 292 nm (Fig. 6A) and in O, measurements with
the rate electrode (Fig. 4). Finally, after the 4th flash, a proton release
was detected. The time-resolved signal observed on the 4th flash differs
significantly enough from that observed after the 1st, 2nd and 3rd
flashes to be certain that it does not originate from contributions to
other transitions that would be due to misses. The t; 5, close to 200 ps,
is in the time range of the electron transfer reported for this transition
in plant PSII, i.e. =250ps [74], but slightly differs from the photo-
thermal beam deflection signal reported in this transition with a t;,»
close to 30 ps attributed to a pure electron transfer from the cluster to
Tyrz+ and a t;,» close to 100 us associated to the proton release fol-
lowing the oxidation of the cluster [97]. Finally, the amplitudes of the
AI/Tinduced by each of the four flashes at pH 6.3 are well in agreement
with the 1, 0, 1, 2 stoichiometry for the SoTyrz+ — S;Tyrz, S;Tyrz- —
SyTyrz, SoTyrz: — S3Tyrz and S3Tyrze — SeTyrz transitions, respec-
tively [77-82].

In the V185T-PSII samples, the flash dependence of the proton re-
lease shown in Fig. 11B differs significantly from that in the WT*3-PSIL
In this experiment, we cannot discard the contribution of dead centers
on each flash (see the discussion in the Results section). However, the
analysis of the data indicates that a large part of the signal originates
from active centers. The EPR results have shown that a large proportion
of centers in the S, state are in the HS configuration after a flash il-
lumination at room temperature. We propose that the groups which
govern the S, to S, transition by favoring the proton release from
W1 when S,Tyrz- is formed have their pK, modified by the V185T
mutation so that the deprotonation of W1 already occurs in the
S,"STyr,- state. In other words, in the V185T mutant, the S;"° to S,
would occur without the need to oxidize Tyrz. In agreement with this
model, a fast proton release is observed after the first flash in the
V185T-PSII (Fig. 11B). Maybe relevant to this observation is that the pH
value at which the EPR experiments have been done, i.e. 6.5, was
slightly above the optimum pH value for O, evolution in the V185T-PSII
sample, i.e. 6.0. This could be a situation analogous to that in WT*3-
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PSII in which increasing the pH value favors the S,™™ configuration. The
question of the pH dependence of the S, to S,/ transition in the
V185T-PSII will be addressed in future studies.

After the 3™ flash, a proton release was observed with two distinct
kinetic phases. The fast one, ended after =1 ms instead of =100 ps in
WT*3-PSI], is in very good agreement with the increase in the duration
of the lag time in the V185T-PSII corresponding to the S3Tyrz- —
(S3Tyrz-) transition seen as a lag phase in absorption change mea-
surements at 292nm. The slow one occurred with a t;,5 close to
~20ms, instead of =1.5ms in WT*3-PSII, and corresponds to the
(S3Tyrz+) — SoTyry transition also seen at 292 nm (Fig. 6B) and in O,
measurements with the rate electrode (Fig. 4). It is more difficult to
estimate the kinetic rates and amplitudes after the 2nd and 4th flashes.
The amplitude of the absorption change due to an electrostatically
triggered proton release induced by the Tyrz oxidation in Mn-depleted
PSII would be larger, but kinetically distinct, than the absorption
change due the release of one proton in active centers [98]. However,
after the 2" and 4™ flash, the kinetics of the proton release in the
V185T-PSII in the S;"5Tyr;- — S3Tyry and SoTyrz- — S;Tyry transitions,
respectively, seem comparable to those observed in WT*3-PSII.

If we neglect the misses, 4 protons should be released in a sequence
of 4 flashes. The release of a proton in a proportion of centers in the
S1Tyrz- — S,Tyrz transition in the V185T-PSII implies that in the same
centers there is a deficit in the proton release in another transition.
From the data in Fig. 11 it is difficult to identify this transition. How-
ever, the slow release in the (S3Tyry+)' — SoTyr; transition in the
V185T-PSII seemed to have a slightly smaller amplitude than in the
WT*3-PSII. However, it is interesting to note that in the most intact
plant PSII and at high pH where a proton release was observed after the
first flash [79,99] a release that we attribute here to the high pH in-
duced S, to S, conversion [26], a deficit was observed either on the
So — S; transition [79] or on the S3— S, transition [99]. Future works
will be useful to clarify this point. It is worth mentioning that the pH
dependence of the lag phase S3Tyrz+ — (S3Tyrz+)’ observed in wild type
PSII from Synechocystis 6803 was abolished in the V185N mutant [54].
This effect could contribute in part to the different pH dependence of O,
evolution in the wild-type PSII and the mutant PSII. In addition, the
specific effect of the mutation of the V185 on the pH dependence of the
S3Tyrz+ — (S3Tyrz+)’ step indicates that the proton released in this
transition used a different path than in wild-type PSII possibly involving
groups that are not titrated in the pH range studied.

The EPR spectroscopy and oxygen evolution measurements under
continuous illumination have shown that the V185T mutant was able to
biosynthetically incorporate bromide instead of chloride and strontium
instead of calcium. The pH dependence of O, evolution in the V185T-
PSII shows that the S, configuration is observed at a pH value that is
very close to the optimum for the O, activity in contrast to WT*3-PSIL
The opposite effects of the halide exchange on the pH dependency in
WT*3-PSII and V185T-PSII is an experimental evidence supporting a
previous suggestion that the halide binding site and the V185 residue
interact [52].

The amplitude of the S3 signal generated by 2 flashes given at room
temperature appeared slightly smaller in Sr-V185T-PSII that in Ca-
V185T-PSII (Fig. 8). A possible explanation for such a difference in the
amplitudes is given in the following. The Ss-state is found to be het-
erogeneous with: i) the S = 3 form shown in Fig. 8 and not sensitive to
near-infrared light; and ii) a form that is not EPR visible but in which
Mn-photochemistry occurs resulting in the formation of a (S,Yz*)’ split
EPR signal upon near-infrared illumination at helium temperatures (e.g.
4.2K) [30,33,70]. Upon near-infrared illumination any (S,Yz+)" split
EPR signal could be induced in the Ca-V185T-PSII in contrast to the Sr-
V185T-PSII in which a NIR-induced split signal was observed (not
shown). Taken together, these two observations suggest that the lack of
NIR sensitivity of the Ss-state and the larger amplitude of the S = 3S3
signal in the Ca-V185T-PSII originate from a structural change of the
Mn,4CaOs resulting into the conversion of centers with an EPR invisible
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Ss-state in Sr-V185T-PSII into centers exhibiting the S = 3 S3 signal in
Ca-V185T-PSIL.

Whereas both the S, and S, EPR signals are modified by the Ca/
Sr exchange, the S; EPR signal remained unaffected. We already re-
ported that the Ca/Sr exchange had also no effect on the S5 signal in
WT*3-PSII [26]. These results show that the configuration of the Mny
cluster is much less flexible in the Ss-state than in the S,-state and
possibly than in the S;-state. This is not surprising since the Ss-state is
the precursor of the state in which the O, formation occurs i.e. the state
where probably a single configuration allows the reaction to occur. This
observation implies that the slowdown of the S3Tyrz+ — SoTyr transi-
tion has either a thermodynamic origin as in the case of the Ca/Sr ex-
change which decreases the entropic part of the reaction [33] and/or
originate from structural modifications around the cluster, as structural
relaxations of the protein, that affect the H-bond network without
significantly modifying the structure of the cluster in agreement with
previous works [44,54].

Finally, the presence of a high proportion of S, in the V185T-PSII
allowed us to show that i) the S, to S5 transition may also occur at
198K at a low pH value and ii) the S; to S,1S transition is less efficient
at low temperature than at room temperature, in agreement with the
model proposed above in which the S,™ formation is accompanied by a
spontaneous proton release.

5. Conclusions

The study of the site directed mutant D1-V185T in T. elongatus al-
lowed us to characterize to which extent the V185 amino acid is in-
volved in the extensive H-bond network which tune the properties of
the Mn,CaOs cluster. For example, it is shown that the V185 and the
chloride binding site very likely interact via this network. The V185
contributes to the stabilization of the S," configuration. In the V185T
mutant a high proportion of the S, configuration is observed. A
proton is very likely released in the S;Tyrz+ — S,"STyr;, transition in the
V185T mutant in contrast to the WT*3-PSII in which there is no proton
release in this transition. Instead, in WT*3-PSII, a proton release kine-
tically distinct from the electron transfer is observed in the S;"Tyr+ —
S3Tyrz transition and we propose that it occurs in the SstTyrZ- —
S,"Tyr,- intermediate state before the S,"STyr,- — S;Tyry transition.
The dramatic slowdown of the S3Tyrz- — SoTyrz transition in the
V185T mutant very likely does not originate from a structural mod-
ification of the cluster but more probably is indicative of less efficient
relaxation processes of the H-bond network and/or the protein thus
showing the important structural role of V185 in the PSII water splitting
activity.
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1) Figure S1 below shows the time-resolved absorption changes at 292 nm in V185T-PSII
and in NH,OH-treated PSII (i.e. Mn-depleted).
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The full black circles are the AI/I difference at 292 nm versus time after the first flash
given on dark-adapted V185T-PSII (same data as in the manuscript). The open black circles
are the Al/I difference at 292 nm versus time after the first flash given on dark-adapted Mn-
depleted PSII (same dark-adaptation period than for V185T-PSII). The light-induced signal at
5 s represents the Tyr*-minus-Tyr signal in the Mn-depleted PSII and the S, Tyrz*-minus-
SiTyrz in the VI185T-PSII. As expected, the increase in the absorption due to the oxidation of
the Tyrosine was comparable in the two samples. In the V185T-PSII the signal then increased
with a t;, = 200 us for reaching the S,Tyr; state. In the Mn-depleted PSII the signal was
almost constant until ~ 20 ms where the signal started to decrease in the time range where the
Tyrz* species is decaying in Mn-depleted PSII.

Since there was no-preflash in these experiments, we expect to have Tyrp reduced in a
proportion of centers in both samples. In the active PSII this translates into misses on the first
flash (the AI/I difference when the S| Tyrz* to S, Tyrz reaction is complete is therefore smaller
than it should be). In the Mn-depleted centers, this is the decay of the Tyr® signal that is
affected since Tyrp® is stable on the time scale of the experiment. On the next flashes we
expect to have almost 100 % Tyrz*. Indeed, when we average the AI/I difference from the 2nd
flash to the 6 flash (the open red circles) the decay after ~ 20 ms, corresponding to the
beginning of the reduction of Tyrz®, was more pronounced. It should be mentioned that to
have a perfect control experiment the spacing between flashes (300 ms) was similar to that
used for the measurements in active PSII. This spacing is not large enough to allow the full
reduction of Tyrz® and this is why the signal was smaller. Roughly, only 50 % of Tyrz*
decayed during the 300 ms. We have measured independently this decay (by increasing the
spacing between the flashes) that is indeed on this time-range but the measurements after 300



ms become very difficult due to some drifts in the base line as the spectrometer is not
optimized for such long measurements.

For comparison, the filled blue circles are the Al/I difference at 292 nm versus time
after the third flash given on dark-adapted V185T-PSII (same data as in the main part of the
manuscript).

2) Figure S2 below shows measurements at 575 nm with bromocresol purple for the
measurement of protons release/uptake.

The questions to answer was: 1) Is there a proportion of dead centers in the V185T-PSII ? and
i1) to which extent these dead-centers, if any, could contribute in the proton release
experiment?

From the data at 292 nm in Figure S1 above, Mn-depleted PSII should be seen as an offset in
the time-range accessible at this wavelength. This is not obvious since the data points in
Figure 4B, oscillate around a value close to zero. From these results the proportion of dead
centers, at worst, weakly contribute.

However, the possibility of a contribution of dead-centers in the proton release/uptake
measurements has been considered and the experiment reported below was done to answer
this question.
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In figure S2, the full black circles data points are the Al/I difference at 575 nm versus
time after the first flash given on dark-adapted V185T-PSII (same data as in the main part of
the article). The open black circles are the AI/I difference at 575 nm versus time after the first
flash given on Mn-depleted PSII. The amplitude of this signal (originally close to Al/l = -2 10"
3) was normalized to that in the V185T-PSII. The blue points show the kinetics in the V185T-



PSII after the third flash and the open red circles show the averaged data from the 2" to the
6™ flash in Mn-depleted PSII.

In Mn-depleted PSII, a proton release followed by an uptake has been reported in the
literature. The data in Figure S2 shows we indeed observed such release/uptake kinetically
similar on all flashes in contrast to the situation with V185T-PSII.

It also appeared that the large proton uptake due to the non-heme iron reduction by Q-
was much smaller in the Mn-depleted PSII.

It has already been shown in the literature that the kinetics also differs in active and
Mn-depleted PSII.

3) Figure S3 shows a comparison of the kinetics.

A zoom of the data after the first flash is shown in Fig. S3. Although the differences
are not dramatic the kinetics for the proton release was approximately two times slower than
in the active centers as previously reported (refs). The vertical lines between 10 and 30 us
show the half-amplitude of the signal at 5 us and allow the estimate of the ¢, in the two
samples.
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Conclusions

A contribution of dead centers on the first flash in the V185T-PSII cannot be fully discarded.
However, 1) the kinetics in V185T-PSII and Mn-depleted PSII are significantly different and
2) the amplitudes of the signal after the second, third and fourth flash in the V185T-PSII
signal are not compatible with the large proportion of dead centers that would be required to
explain the signal after the first flash.



4) Supplementary Fig.4 shows the absorption changes at 575 nm, which are associated with
changes in the protonation state of bromocresol purple. At 575 nm, the unprotonated form of
the dye has the largest extinction coefficient so that a light-induced decrease in absorbance
reflects a protonrelease by PSII and the light-induced increase in the absorbance reflects a
proton uptake by PSII. A full description of the procedure was given in Nilsson et al. Nature
Commun., 2014, 5, 4305-4311.
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The green points were recorded after the first flash given to a dark-adapted WT*3-PSII.

The red points show the average of the experimental data recorded from the 35t to 40t
flashes. Under these conditions the Si-states are scrambled and thus contribute equally upon
each single flash, so that the H+ release is expected to be 1-a per PSII (a being the miss
parameter). Since the average of the kinetics of the proton releases has by definition many
phases, we used a stretched exponential. This has no physical meaning, but simply
empirically provides a good fit of the decaying kinetics as shown by the continuous red line.
The uptake contribution was then obtained after subtracting the thereby obtained empirical
H+ release time-course from the experimental data (blue line).

The orange line is an exponential fit of the proton uptake detected on the first flash and
attributed to the reduction of the non-heme iron in centers in which it was oxidized prior to
the flash.



The brown line is the sum “orange line + blue line). It fits well the experimental data points
after the first flash.

5) Supplementary Fig. 5 shows the Tyrp* magnetic field region before (spectrum a) and after
(spectrum b) the 198 K illumination in the Ca-V185T-PSII. The increase in the negative part
of the derivative signal was due to a saturation enhancement effect [S. Styring and A. W.
Rutherford, Biochemistry, 1988, 27, 4915-4923] still slightly present nevertheless the low
power of the microwaves used. Instrument settings: Temperature, 8.6 K; modulation
amplitude, 2.8 G; microwave power, 2 uW; microwave frequency, 9.4 GHz; modulation
frequency, 100 kHz.

There is no evidence for the formation of a Chl* or Car™ radical.
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6) Supplementary Fig. 6 shows the central part of the S, multiline EPR signal in Ca-

V185T-PSII and Sr-V185T-PSII. Spectra are identical to spectra a in Fig. 7A and 7B with an
expended magnetic field scale. This figure shows that the two multiline are different and also
differ from those in wild type PSII with a different spacing between the lines (see Figure S8).
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7) Supplementary Fig. 7 shows the S,*5Tyr,* split signal in Ca-V185T-PSII. The spectrum is
identical to spectrum a in Fig. 9A with an expended magnetic field scale. The central part of
the spectrum correspond to the Tyrp® radical.
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8) Supplementary Fig. 8

Comparison of the low spin S; multiline EPR signal in WT*3-PSII and V185T-PSII. The
amplitudes of the spectra were arbitrarily scaled. Same instrument settings as in Fig. 7.
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9) Summary of the Kinetics.

Kinetics for electron transfers were obtained by time-resolved measurements at 292 nm and
for the H" release by recording the time-resolved absorption changes of bromocresol purple.
The O2 release was measured with the time-resolved O2 electrode.

WT*3 V185T
S-state transition e H* e H*
SoTyrz*—STyrz 250 ps? 200 ps nd°® <100 ps
S Tyr,*—>S,Tyry 50 ps - 150 ps 15 us
S, Tyr,*—>S;Tyry 300 ps? 30 us nd°® 30 us
S;Tyr,*—SoTyry <100 pus®/ 1-2ms | 20 us/1-2ms | <2ms/20ms | 100 ps/20 ms
O, release 1-2 ms ~ 20 ms¢

aF. Rappaport, M. Blanchard-Desce, J. Lavergne, Kinetics of electron-transfer and
electrochromic change during the redox transitions of the photosynthetic oxygen-evolving
complex, Biochim. Biophys. Acta 1184 (1994) 178-192.

®N. Ishida, M. Sugiura, F. Rappaport, T.-L. Lai, A.W. Rutherford, A. Boussac, Biosynthetic
exchange of bromide for chloride and strontium for calcium in the Photosystem II oxygen-
evolving enzyme, J. Biol. Chem. 283 (2008) 13330-13340.

¢nd = not determined

4 due to the artefact, the lag phase could not be determined accurately but was longer than in
the WT*3.
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