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Abstract

The influence of the histidine axial ligand to the PD1 chlorophyll of photosystem II on the redox potential and spectroscopic properties of the
primary electron donor, P680, was investigated in mutant oxygen-evolving photosystem II (PSII) complexes purified from the thermophilic
cyanobacterium Thermosynechococcus elongatus. To achieve this aim, a mutagenesis system was developed in which the psbA1 and psbA2 genes
encoding D1 were deleted from a His-tagged CP43 strain (to generate strain WT⁎) and mutations D1-H198A and D1-H198Q were introduced into
the remaining psbA3 gene. The O2-evolving activity of His-tagged PSII isolated from WT⁎ was found to be significantly higher than that
measured from His-tagged PSII isolated from WT in which psbA1 is expected to be the dominantly expressed form. PSII purified from both the
D1-H198A and D1-H198Q mutants exhibited oxygen-evolving activity as high as that from WT⁎. Surprisingly, a variety of kinetic and
spectroscopic measurements revealed that the D1-H198A and D1-H198Q mutations had little effect on the redox and spectroscopic properties of
P680, in contrast to the earlier results from the analysis of the equivalent mutants constructed in Synechocystis sp. PCC 6803 [B.A. Diner,
E. Schlodder, P.J. Nixon, W.J. Coleman, F. Rappaport, J. Lavergne, W.F. Vermaas, D.A. Chisholm, Site-directed mutations at D1-His198 and D2-
His197 of photosystem II in Synechocystis PCC 6803: sites of primary charge separation and cation and triplet stabilization, Biochemistry 40
(2001) 9265–9281]. We conclude that the nature of the axial ligand to PD1 is not an important determinant of the redox and spectroscopic
properties of P680 in T. elongatus.
© 2008 Elsevier B.V. All rights reserved.
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nescence; WT′, T. elongatus wild-type strain that has complete psbA1, psbA2

and psbA3 genes and has a His-tag on the C terminus of CP43 (equivalent to 43-
H strain); WT⁎, T. elongatus strain with a His-tag on the C terminus at CP43 and
in which the psbA1 and psbA2 genes are deleted
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1. Introduction

Photosystem II (PSII) is the enzyme responsible for
photosynthetic oxygen evolution. The light-driven oxidation
of water into dioxygen is catalyzed by a Mn4Ca cluster which
acts as both an accumulating device for oxidizing equivalents
and the active site. All the cofactors involved in O2 evolution
are bound by the D1, D2, CP43 and CP47 proteins which are,
themselves, part of a larger complex composed of more than 20
subunits [1,2].

Structural studies have confirmed that PSII contains two
pigment branches across the membrane in a similar manner to
that seen for bacterial reaction centre complexes [3]. The 2
chlorophylls, PD1 and PD2, which constitute P680, the primary
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electron donor, are in similar positions to the special pair of
bacteriochlorophyll molecules; ChlD1 and ChlD2 are in analo-
gous positions to the two accessory bacteriochlorophyll pig-
ments and PheoD1 and PheoD2 are in equivalent locations to
the two bacteriopheophytin molecules. A consensus is now
emerging that primary charge separation in PSII occurs bet-
ween ChlD1 and PheoD1 [4–6]. In a few ps, the P680

U+ PheoD1
U−

state is then formed with 80% of the cation residing on PD1
and 20% on PD2 [4]. Then, the pheophytin anion transfers the
electron to a quinone, QA. P680

U+ is reduced by TyrZ, at position
161 of the D1 protein. TyrZ

U is in turn reduced by the Mn4Ca
cluster.

An extraordinary feature of PSII amongst reaction centre
complexes is the high redox potential of the P680

U+ /P680 couple
which is required to drive water oxidation, e.g. [7–9]. Possible
reasons for the elevated value compared to Chla in vitro include
protein–pigment interactions, such as H-bonding, e.g. [10,11],
pigment–cofactor interactions [12–16], a low dielectric environ-
ment [17] and puckering of pigment molecules [18], see [7–9,19]
for general discussions.

The importance of the amino acid ligand, D1-His198, on the
functional properties of PD1 has been examined by mutagenesis
in the mesophilic cyanobacterium Synechocystis sp. PCC 6803
[20]. Of the 11 mutants examined only 3 were found to be
photoautotrophic: H198Q, H198A and H198C mutants. Inter-
estingly, in the D1-H198A mutant the Mg atom was conserved
despite the lack of any proteinaceous ligand. The likely substi-
tution of the His ligand by a water molecule had nevertheless
some influence on the P680

U+ /P680 absorption difference spectrum
which was down-shifted by ≈2 nm in the Soret region.
This spectroscopic change was accompanied by a decrease of
≈80 mV in the estimated midpoint redox potential. In the D1-
Fig. 1. (A) Map around the psbA1 and psbA2 genes in wild-type and deletion of bo
A 2564-bp fragment which includes the psbA1 and psbA2 genes was replaced by a 9
before the stop codon of the psbC open reading frame, an additional DNA fragment e
positions of PCR primers to confirm the length of the psbA1 and psbA2 genes an
amplification products using P1 and P2 primers. Lanes 1 and 6, 1 kb DNA ladder ma
43-H) strain; lane 4, D1-H198A strain; lane 5, D1-H198Q strain.
H198Q mutant, in which glutamine could possibly act as a
ligand to Mg, the P680

U+ /P680 absorption difference spectrum was
down-shifted by 3–4 nm in the Soret region but the redox
potential was unchanged. Thus no obvious correlation between
the spectral changes and the redox properties of P680 was found
in these mutants [20].

In the Synechocystis sp. PCC 6803 mutant strains, most of the
spectroscopic properties of P680 have been characterised in Mn-
depleted PSII. It is well known, however, that the removal of the
Mn-cluster alters the properties of P680. For instance, the equi-
librium constant of the electron transfer reaction between P680

U+ and
TyrZ increases by about two orders of magnitude upon Mn-
depletion [21], possibly because of Coulombic interactions with
the metal cluster [13]. This prompted us to study the role of
the D1 axial ligand to PD1 in the thermophilic cyanobacterium
T. elongatus from which fully active PSII can be purified and
importantly for which the PSII structure is known [1, 2]. To
achieve this aim we describe here the development of a muta-
genesis system for the construction of D1 mutants in T. elongatus
and the characterisation of D1-H198Q and D1-H198A mutants
by low-temperature fluorescence, thermoluminescence, oxy-
gen evolution, FTIR spectroscopy and time-resolved absorption
spectroscopy.

2. Materials and Methods

2.1. Construction of the His6-tag CP43, ΔpsbA1, ΔpsbA2 recipient
strain (WT⁎)

ADNA fragment of approximately 4500 bp, including the open reading frames
of the psbA1 and psbA2 genes and 1000 bp upstream and 1000 bp downstream of
these two genes, was amplified by PCR (Expand High Fidelity PCR System,
Boehringer Mannheim) and cloned into plasmid pUC19. A 2564-bp Pst I/Sac I
th the psbA1 and psbA2 genes from the T. elongatus genome to produce WT⁎.
20-bp fragment containing the Cm resistant cassette at Pst I and Sac I sites. Just
ncoding 6 consecutive histidine residues (Hisx6) exists in WT⁎. P1 and P2 show
d/or the Cm resistant cassette. (B) Agarose gel (1%) electrophoresis of PCR
rkers (Toyobo, Japan); lane 2, 43-H (WT′) strain; lane 3, WT⁎ (ΔpsbA1/ΔpsbA2/
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fragment which includes both psbA1 and psbA2 open reading frames was replaced
by a 920-bp fragment containing the chloramphenicol (Cm) resistance gene, to
generate plasmid pUCmA3. TheT. elongatus strain, 43-H, which has aHis-tag on the
C-terminal end of CP43 [22], and a kanamycin (Km) resistance cassette downstream
(Fig. 1A) was transformed with the plasmid pUCmA3. The CP43-His-tag, psbA1/
psbA2 knocked out mutant (WT⁎) was selected by growth on Cm and Km, and its
genotype was confirmed by PCR analysis using the P1 primer (5′-ACAACTGCG-
TATTTAGTTTTACTAACAATAA-3′) and P2 primer (5′-GAAATCCAGCCCGT-
CACGAGTGCTGGCGAT-3′) shown in Fig. 1A and B.

2.2. Construction of the D1-H198A and D1-H198Q mutants

The psbA3 gene plus 5′- and 3′-flanking sequences was cloned from
T. elongatus wild-type genomic DNA by PCR amplification and subcloned into
plasmid vector pUC19. The nucleotide sequence was confirmed by sequencing
by using a CEQ2000 DNA Analysis System (Beckman). A spectinomycin (Sp)
and streptomycin (Sm) resistance gene cassette was inserted downstream of the
stop codon of psbA3. For making the D1-H198A and D1-H198Q site-directed
Fig. 2. Construction and confirmation of site-directed mutants strains D1-H198A a
deduced amino acid sequences around D1-H198 of WT⁎, D1-H198A and D1-H19
correspond to the position from the initial codon. Substituted nucleotides are indicated
italic) was created in D1-H198A and D1-H198Q. (B) Agarose gel (2%) electrophores
6) and the products after digestion with Pvu II (lanes 3, 5, and 7). Lanes 1 and 8, 100 b
D1-H198A strain; lanes 6 and 7, D1-H198Q strain. (C) Physical map around psbA
products by using primers P3 and P4. In the amplified region, the Pvu II site exists at
Pvu II⁎) site for H198 mutants is at position +595. Digestion of products fromWT⁎w
H198 mutants with Pvu II generated fragments at 124-bp, 541-bp and 278-bp as sh
mutants, the position around +595 of psbA3 was modified by using a Quick-
Change XL Site-Directed Mutagenesis Kit (Stratagene) as shown in Fig. 2A.
Segregation of all the psbA3 copies in genome of the deletion mutant was
confirmed by digestion of psbA3 with Pvu II after PCR amplification of the
mutated region including the promoter region by using the P3 (5′-CCAGG-
CACTCAACTGGAGTTGTGAACGGTT-3′) and P4 primers (5′-GCTGA-
TACCCAGGGCAGTAAACCAGATGCC-3′) (Fig. 2B and C). Finally, the
genomicDNA sequences including themutated regions were confirmed by using
a DNA sequencer. All the transformations of T. elongatus were done by elec-
troporation (BioRad gene pulser). The segregated cells were selected as single
colonies onDTNagar plates containing 25μg of SpmL−1, 10μg of SmmL−1, 40μg
of Km mL−1 and 5 μg of Cm mL−1 as previously described in [22–24].

2.3. Purification of thylakoids and PSII core complexes

The transformed cells were grown in 1 L cultures of DTN in 3-L Erlenmeyer
flasks in a rotary shakerwith aCO2-enriched atmosphere at 45 °Cunder continuous
light (≈80 μmol of photons m−2 s−1). Thylakoids and PSII core complexes were
nd D1-H198Q in the psbA3 gene. (A) Nucleotide sequence of psbA3 and the
8Q. Positions H198, A198 and Q198 are indicated with red letters. Numbers
in small letters. For the selection of mutants, the Pvu II recognition site (letters in
is of PCR amplification products by using the P3 and P4 primers (lanes 2, 4, and
p DNA ladder markers (Toyobo, Japan); lanes 2 and 3, WT⁎ strain; lanes 4 and 5,

3 and theoretical DNA length after treating with Pvu II the PCR amplification
position +54 in WT⁎, D1-H198A and D1-H198Q. The created Pvu II (shown as
ith Pvu II generated fragments at 124-bp and 819-bp. Digestion of products from
own in B.
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prepared as described earlier in [23,24]. The PSII core complexes bound to theNi2+

resin were eluted with 200 mM L-histidine instead of imidazole to avoid un-
wanted ligation of the added imidazole to theMg2+ ion of P680 Chl molecules in the
D1-H198 mutants (during the washing step, the 15 mM imidazole was substituted
for 2 mM L-histidine). PSII were concentrated by using Amicon Ultra-15 con-
centrator devices (Millipore) with a 100 kDa cut-off. Routinely, the total amount of
Chl before the breaking of the cells was ≈150 mg, and the yield after PSII
purification in terms of Chl amounts was ≈3–5%. PSII were stored in liquid
nitrogen at a concentration of about 2 mg Chl mL−1 in a medium containing 10%
glycerol, 1 M betaine, 15 mM CaCl2, 15 mM MgCl2, and 40 mMMES (pH 6.5)
until use. Mn-depletion was done as previously described in [24]. For the expe-
riment reported in Fig. 3, the sampleswere dark-adapted for 15min at pH 6.5 in the
medium indicated above. Then they were diluted in the same medium buffered at
the indicated pH values with either CAPS or MES.

2.4. Oxygen evolution measurements

Oxygen evolution of PSII core complexes under continuous illumination
was measured at 25 °C by polarography using a Clark-type oxygen electrode
(Hansatech) with saturating white light at a Chl concentration of 5 μg of Chl mL−1

in the resuspending medium described above. A total of 0.5 mM DCBQ (2,6-
dichloro-p-benzoquinone, dissolved inMe2SO) was added as an electron acceptor.
DCBQ reacts in the minute time range with betaine in the presence of O2. For this
reason, the PSII activity was measured immediately after the addition of DCBQ.

2.5. Fourier transform infrared (FTIR) measurements

FTIR spectra were measured as described in [25]. An aliquot (8 μL) of a
suspension of theMn-depletedPSII (byNH2OH treatment [22]) (≈4.5mgChlmL−1)
in a pH 6.0 MES buffer (10 mM MES, 5 mM NaCl, and 0.06% n-dodecyl-β-
maltoside) was mixed with 1 μL of 500 mM potassium ferricyanide and 1 μL of
10mMSiMo, and loaded on aBaF2 plate. The samplewas then lightly dried underN2

gas flow and covered with another BaF2 plate with 0.7 μL of water. The sample
temperature was adjusted to 265 K in a liquid-N2 cryostat (Oxford, model DN1704)
Fig. 3. Thermoluminescence glow curves from S2QA
U− recombination. TL glow

curves were recorded after one flash in PSII from WT′ (curve a) and PSII
from WT⁎ (curve b). DCMU was added on the dark-adapted PSII prior to the
illumination.
using a temperature controller (Oxford, model ITC-5). P680
U+ /P680 FTIR difference

spectra were recorded on a Bruker IFS-66/S spectrophotometer equipped with an
MCT detector (D313-L). Scans in the dark (1 s) and under illumination (1 s) were
repeated 4000 times. Averaged single-beam spectra were used to calculate light-
minus-dark difference spectra. Light illumination was performed with continuous
red light (≈16 mW cm−2 at the sample point) from a halogen lamp (Hoya-Schott
HL150) equipped with a red cut-off filter (N600 nm). The spectral resolution was
4 cm−1.

2.6. UV-visible absorption change spectroscopy

Absorption changes were measured with a lab-built spectrophotometer
[26] where the absorption changes are sampled at discrete times by short fla-
shes. These flashes were provided by a neodymium:yttriumaluminum garnet (Nd:
YAG) pumped (355 nm) optical parametric oscillator, which produces mono-
chromatic flashes (1 nm full-width at half-maximum) with a duration of 6 ns.
Excitationwas provided by a dye laser pumped by the second harmonic of aNd:YAG
laser (685 nm, 1 mJ). PSII was used at 25 μg of Chl mL−1 in 10% glycerol, 1 M
betaine, 15 mM CaCl2, 15 mM MgCl2, and 40 mM MES (pH 6.5). After dark-
adaptation for 1 h at room temperature (20–22 °C), 0.1 mM phenyl-p-benzoquinone
(PPBQ, dissolved in Me2SO) was added as an electron acceptor.

2.7. Thermoluminescence measurements

Thermoluminescence (TL) glow curves were measured with a lab-built
apparatus [27]. PSII core complexes were suspended in 40 mMMES buffer (pH
6.5) containing 10 mM NaCl, 15 mMMgCl2, 15 mM CaCl2, and 20% glycerol.
The Chl concentration was 0.2 μg of Chl mL−1. PSII were then dark-adapted for
1 h on ice. Just before loading the sample, 10 μM DCMU was added to a dark-
adapted samples containing 15 μg of Chl. The samples were illuminated at 5 °C
by using a saturating xenon flash (SL-230S; Sugawara, Japan) and then rapidly
chilled to 77 K with liquid N2. The frozen samples were then heated at a constant
rate of 40 °C min−1 and TL emission was detected with a photomultiplier
(Hamamatsu, R943-02).

2.8. Low-temperature fluorescence spectroscopy and room temperature
absorption measurements

Fluorescence emission spectra were measured at 77 K using a Hitachi F-2500
Fluorescence Spectrophotometer (Tokyo, Japan). The whole cells were put on a
5 mm×25mmMF-Millipore™membrane discs (pore size: 0.45 μm,Millipore).
The cells were illuminated in liquid N2 at 570 nmwith a resolution of 20 nm. The
fluorescence emission spectra were measured with a scan rate of 100 nm min−1

with a resolution of 2.5 nm. Absorption spectra were recorded at room
temperature using a Hitachi U-2001 Spectrophotometer (Tokyo, Japan) with a
scan rate of 100 nm min−1. The samples were suspended in 40 mMMES buffer
(pH 6.5) containing 10 mM NaCl, 15 mM CaCl2 and 15 mM MgCl2.

3. Results

3.1. Construction of a mutagenesis system for making D1
mutants in T. elongatus

There are three different psbA genes encoding the D1 pro-
tein in the T. elongatus genome [28], corresponding to tlr1843
(psbA1), tlr1844 (psbA2) and tlr1477 (psbA3). When compared
to the amino acid sequence of D1-3 (PsbA3), the sequences of
D1-1 (PsbA1) and D1-2 (PsbA2) differ by 21 and 31 amino acid
residues, respectively. In the nucleotide sequences, 89 nucleo-
tides of psbA1 and 170 nucleotides of psbA2 differ from the
psbA3 sequence. The initial codon of psbA2 is located at 312 bp
downstream of the terminal codon of psbA1 (Fig. 1A, wild-
type). In contrast, psbA3 is independently located apart from
psbA1 and psbA2 in the genome.



Fig. 4. (A) Room temperature absorption spectra of whole cells. Blue trace,
WT⁎; red trace, green trace, D1-H198A, D1-H198Q respectively. The three
curves were scaled at 430 nm. (B) Photo of supernatant fractions from broken
cells.
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In order to create the D1-H198A and D1-H198Q mutants, the
neighboring psbA1 and psbA2 genes were deleted and replaced by
a chloramphenicol-resistance cassette and site-directed mutations
were introduced into psbA3. In addition, the resulting strain also
contained a His-tag at the C-terminal end of CP43 (WT′: this
strain was originally named 43-H) [22] as shown in Fig. 1A. To
thoroughly repress the expression of both psbA1 and psbA2, the
nucleotide region from −80 bp of psbA1, which is in the promoter
region, to 6 bp downstream of the stop codon of psbA2 was
deleted. Neither the additional deletion of 80 bp in the promoter
region of psbA1 nor the deletion of 6 bp downstream of the psbA2
stop codon must have functional effect since the two genes in the
flanking regions i) tll1842 (encoding putative arsenical proton
pump-driven ATPase) and ii) tll1845 (encoding hypothetical
protein) are at 261 bp of the psbA1 initial codon and at 83 bp of the
psbA2 stop codon, respectively. The P680 axial ligandmutants D1-
H198A and D1-H198Q were constructed by introducing site-
directed mutations into the psbA3 gene of WT⁎. Fig. 1B shows
an agarose gel electrophoresis of the PCR amplification DNA
products from the genome of WT′, WT⁎, D1-H198A and D1-
H198Q strains by using the P1 primer (425-bp upstream of the
psbA1 initiation codon) and the P2 primer (512-bp downstream of
the psbA2 stop codon) (positions in Fig. 1A). In the WT′ genome,
a 2990-bp fragmentwas amplified (Fig. 1B, lane2). This fragment
contained both the psbA1 and psbA2 open reading frames. InWT⁎

and in the two D1-H198 mutants, a 1753-bp fragment was
amplified which included the Cm resistant cassette instead of
psbA1 and psbA2. The absence of any DNA band at 2990 bp in
WT⁎ confirmed the complete removal of psbA1 and psbA2
(Fig. 1B, lanes 3 to 5).

3.2. Characterisation of PSII complexes isolated from WT⁎

PSII core complexes purified from the WT⁎ strain exhibited an
O2 evolving activity of 5000–6000 μmol O2 mg Chl−1 h−1. In-
terestingly, this activity was consistently higher than that measured
for His-tagged PSII isolated from a WT′ strain containing all three
psbA genes (typically 3500–4500 μmol O2 mg Chl−1 h−1), in
which psbA1 is expected to be the most dominantly expressed form
of D1 under the light intensity used in this work [29].

All the amino acid residues that act as ligands to the Mn4Ca
cluster [1,2] are conserved in the psbA gene products found in
T. elongatus. Interestingly, amongst the 21 differences in primary
structure, residue 130, which is within H-bonding distance to the
9-keto group of the PheoD1 chlorin ring, is a Gln in D1-1 but a
glutamate in D1-3. In Synechocystis sp. PCC 6803 [30,31], a Gln
residue at position 130 instead of a Glu residue decreases
the energy gap between the P680

U+ PheoD1
U− radical pair and P680⁎ [30–

33]. Consequently, the equilibrium constants of the P680⁎ Pheo-

D1QA↔P680
U+ PheoD1

U−QA and P680
U+ PheoD1

U−QA↔P680
U+ PheoD1QA

U−

reactions are modified. These changes were evidenced by a
longer lifetime of QA

U− in the presence of DCMU as well as by an
increase of the intensity of the thermoluminescence glow curve
from the S2QA

U− charge recombination with a Gln residue at
position 130 [12,31–33]. The increase of the energy gap
between the P680⁎ and P680

U+ PheoD1
U− couples, with Glu130 when

compared to Gln130, was estimated to be≈38 meV [30–33] i.e.
a higher redox potential for PheoD1
U−/PheoD1 that would favour

the non-radiative P680
U+ PheoD1

U−→P680PheoD1 charge recombina-
tion at the expense of the radiative one which involves the
repopulation of P680⁎ [12,31–33].

Fig. 3 shows the thermoluminescence glow curves from
the S2QA

U− recombination in PSII isolated from WT′ and WT⁎

T. elongatus strains. Assuming that psbA1 is the gene domi-
nantly expressed in WT′, the residue at position 130 of D1 in
WT′ would be a Gln whereas in WT⁎ it is necessarily a Glu
residue. No significant differences were observed neither in
the peak temperature of the glow curve nor in its intensity.
In agreement with the results in Fig. 3, the S2QA

U− recombina-
tion measured by following QA

U− at 320 nm (see below) was
also found similar in purified PSII from WT′ and WT⁎ (not
shown). The contrast between the results reported with the
single Gln130 and Glu130 mutants and the present results
may suggest that the Q130E substitution has almost no effect in
T. elongatus when compared to the situation in Synechocystis
sp. PCC 6803 or Chlamydomonas reindhardtii. Alternatively,
either the 20 other additional substitutions may compensate
the consequences of the Q130E substitution via long-range
interactions (these long-range interactions could contribute to
the thermostability of T. elongatus) or the expression level of



Fig. 5. Fluorescence emission spectra in whole cells at 77 K. The cells were
cultivated either under amiddle light intensity (80μmol photonsm−2 s−1), PanelA,
or a low light intensity (15μmol photonsm−2 s−1), Panel B.WT⁎ (blue spectrum,),
D1-H198A (green spectrum) and D1-H198Q (red spectrum). The fluorescence
spectra from the 3 strains were scaled to the phycocyanin fluorescence peak.
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the psbA3 gene may be significant even in the WT′ strain, under
the growth conditions used here.

3.3. Characterisation of the D1-H198A and D1-H198Q
mutants

Both D1-H198A and D1-H198Q mutant cells were able to
grow photoautotrophically. The generation time was ≈13 h in
WT⁎ and ≈15 h in D1-H198A and D1-H198Q mutant cells,
respectively i.e. similar to the WT′ one. During the growth, the
colour of the two D1-His198 mutants cells differed strongly
from that of the WT⁎ cells (Fig. 4A). Although both mutants
showed an increased absorbance at 480 nm, reflecting a slight
increase in the carotenoid content, the main difference bet-
ween the mutant and WT⁎ cells was observed at 630 nm. This
indicated a decrease in either the content of phycocyanin or
allophycocyanin (or both) in the D1-H198 mutants. The room
temperature absorption spectrum of purified PSII was not
modified by the mutations (not shown). Instead, as shown in
Fig. 4B, the absorption of the phycobilisomes extracted from
the D1-His198 mutants cells differed from those extracted
from WT⁎ cells. When compared to the WT⁎, the D1-H198Q
mutant was more affected than the D1-H198A mutant.

These changes in the pigment composition were further in-
vestigated by measuring the energy transfer from the phycocyanin
to PSII via allophycocyanin. Fig. 5 shows the 77 K fluore-
scence emission spectra in whole cells with the WT⁎, D1-H198A
and D1-H198Q strains. The cells were cultivated under medium
(≈80 μmol photons m−2 s−1) (Fig. 5A) and low (≈15 μmol
photons m−2 s−1) light intensity (Fig. 5B). Under a light excita-
tion at 570 nm, the main emission bands were at 645 nm (phy-
cocyanin), 660 nm (allophycocyanin), 685 nm and 692 nm (PSII)
and 725 nm (PSI). Amplitude of the fluorescence bands from
allophycocyanin, PSII and PSI were much smaller in the mutants
than in the WT⁎ (Fig. 5A). PSII bands in both mutants appeared at
685 nm and 692 nm,whereas only the emission at 692 nm appeared
in WT⁎. These results indicate that the energy transfer from
allophycocyanin to PSII is not efficient in either of the D1-His198
mutants. Fig. 5B shows that the PSII to phycocyanin ratio was
found to be higher in the two mutants than in the WT⁎. This is in a
good agreement with the purification analysis which showed that
the amount of PSII is ∼1.5 fold larger in the mutants than in the
WT⁎. The comparison of the amplitude of the TyrD

U and P700
U+ EPR

signals in thylakoids also indicated a higher PSII/PSI ratio in both
mutants when compared to the WT⁎ on an equal chlorophyll
basis (not shown). It should be noted that the PSII fluorescence at
685 nm and 692 nm also slightly differed in the WT⁎ and the
mutants when the cells are cultivated under moderate light in-
tensities (≈80 μmol photons m−2 s−1) (Fig. 5B).

The characteristics of the D1-His198 mutants described above
are very similar to the allophycocyanin-less mutant (knocked out
apcA and apcB) and phycobilisome-linker less mutant (knocked
out apcE) in Synechocystis sp. PCC 6803 [34,35]. One reason for
such physiological effects could originate from a defective
protection mechanism against excessive light. The secondary
electron transfer pathway from cytochrome b559 to P680

U+ via
carotenoid and ChlZ [36–41] which is involved in theWT⁎ could
be affected and, in turn, alter the overall phycobilisome structure.
Consistent with this hypothesis Fig. 5B shows that when the
mutants and the WT⁎ were cultivated under the low light
conditions (≈15 μmol photons m−2 s−1) the differences in the
fluorescence emission spectra were less pronounced.

3.4. FTIR study of Mn-depleted PSII core complexes

Spectrum a in Fig. 6A shows the P680
U+ /P680 FTIR difference

spectrum (1780–1600 cm−1) of WT⁎ non-oxygen-evolving PSII.
The prominent negative peak at 1700 cm−1 and a positive doublet
at 1724 and 1710 cm−1 have been assigned to the 131-keto CfO
stretching bands of neutral P680 and cationic P680

U+ , respectively
[23,25,42]. The single negative peak at 1700 cm−1 indicates that
both keto CfO groups of neutral P680 are free from H-bonding
[25]. The doublet peaks at 1724 and 1710 cm−1 have been
interpreted as witnessing the predominant localization of the
positive charge in P680

U+ on one Chlmolecule (70–80%) but partially
shared with another Chl [25]. Smaller peaks in the 1750, 1743 and
1736 cm−1 arise from 132-ester CfO stretches [23,25,42]. Several



Fig. 6. (A) P680
U+ /P680 FTIR difference spectra (1780–1600 cm−1) of theMn-depleted

PSII core complexes ofWT⁎ (a, blue spectrum), D1-H198A (b, green spectrum) and
D1-H198Q (c, red spectrum). Mutant-minus-WT⁎ double difference spectra were
shown for (d, green spectrum)D1-H198Aand (e, red spectrum)D1-H198Q. (B) P680

U+ /
P680 spectra in the 3000–1600 cm−1 region showing the lower frequency part of a
broad intervalence band of P680

+ . (a) WT⁎; (b) D1-H198A; (c) D1-H198Q.
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bands at 1620–1680 cm−1 probably arise from the amide I bands
of the protein backbone, which are induced upon cation formation.
The negative peak at 1616 cm−1 can be assigned to the CfC
vibration of the chlorin rings of P680 [25]. The partial charge
delocalization over the Chl dimer in P680

U+ has also been revealed by
a broad intervalence band [43] at around 3000 cm−1 [25]. The
lower frequency part of this broad feature was shown in spectra in
Fig. 6B as a background increase above 1600 cm−1.

In the P680
U+ /P680 spectrum of the D1-H198A mutant (Fig. 6A,

spectrum b), the above spectral features of WT⁎ were virtually
unchanged. This is also seen in the rather featureless (D1-H198A-
minus-WT⁎) double difference spectrum (Fig. 6A, spectrum d).
The observation that the keto CfO signal at 1724 and 1710 cm−1

and the broad feature above 1600 cm−1 of P680
U+ (Fig. 6B, spectrum

b) were kept unchanged indicates that the degree of charge
delocalization over the dimer in P680

U+ was not significantly affected
bymutation. Thus, this observation provides solid evidence that the
Chl molecule at PD1 was not replaced with a Pheo molecule in the
D1-H198Amutant. Indeed, in bacterial reaction centre formation of
a BChl-Pheo heterodimer resulted in a complete localization of the
cation on the BChl side and consequently in the disappearance of a
broad intervalence band and significant change in the keto CfO
bands in P870

U+ /P870 FTIR spectra [43,44].
The D1-H198Q mutant (Fig. 6A, spectrum c) also showed

spectral features very similar to WT⁎, but some perturbations
were observed. Although the positions of the keto CfO bands
(1724/1710/1700 cm−1) were virtually unchanged, the width of
the 1724 cm−1 bandwas slightly broader than that ofWT⁎. Also,
a small positive peak at 1686 cm−1 in WT⁎ was less clear in the
D1-H198Q, suggesting that a negative peak exists at this
position. These changes were more clearly seen in a D1-H198Q-
minus-WT⁎ double difference spectrum (Fig. 6A, spectrum e)
showing a negative feature at 1686 cm−1 and several bands at
1750–1700 cm−1. Since the Gln amide generally shows a CfO
band at ∼1680 cm−1 [45], this feature may arise from the
Gln residue that was substituted for the His ligand of PD1.
Another possibility is that the structure of protein backbone
was slightly perturbed by replacing His with Gln inducing
some changes in the amide I vibration. On the other hand, the
broad continuum feature above 1600 cm−1 did not change upon
H198Qmutation (Fig. 6B, spectrum c). This observation together
with the virtually unchanged keto CfO frequencies of P680

+ at
1724/1710 cm−1 (Fig. 6A, spectrum c) indicates that the charge
distribution in P680 was not largely changed by this mutation.

3.5. Activity of oxygen-evolving complexes isolated from the
D1-H198A and D1-H198Q mutants

TheO2 evolving activity of PSII purified from the D1-H198A
and D1-H198Q strains were found similar to that of the WT⁎

PSII when measured under saturating continuous illumination
(typically 5000–6000 μmol O2mgChl−1 h−1). The intactness of
the mutant PSII was further evidenced by the pattern of the flash-
induced period four oscillations, when measured at 292 nm [46],
which was similar to that measured in WT⁎ PSII (not shown but
see Supplementary material).

3.6. Time-resolved flash-induced absorption changes around
430 nm

In this spectral region, the redox changes of several species,
such as the Chls, cytochromes, TyrZ and QA are associated
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with absorption changes. The most prominent one however is
associated with the formation of P680

U+ . The P680
U+ /P680 difference

spectrum exhibits a strong Soret band bleaching in the 430 nm
region. Fig. 7A shows the absorption changes from 411 to
455 nm inWT⁎ PSII and in the D1-H198A and D1-H198Q PSII
Fig. 7. Panel A; Difference spectra around 430 nm. The flash-induced
absorption changes were measured in WT⁎ PSII (blue trace), D1-H198Q PSII
(red trace) and D1-H198A PSII (green trace) 15 ns after the first flash given on
dark-adapted PSII. Upon dark-adaptation for 1 h at room temperature, 100 μM
PPBQ (dissolved in Me2SO) was added to the samples with Chl=25 μg mL−1.
Panel B; Kinetics of reoxidation of QAU− reduction in the presence of DCMU.
The flash-induced absorption changes were measured at 320 nm in WT⁎ PSII
(blue trace), D1-H198Q PSII (red trace) and D1-H198A PSII (green trace).
Upon dark-adaptation of the samples (Chl=25 μg mL−1) for 1 h at room
temperature, 5 10−5 M DCMU were added. Then, following a saturating laser
flash, the decay of QAU− was followed by a train of detecting flashes at the
indicated times.
mutants. The absorption changes were measured 10 ns after
the first flash, given to dark-adapted PSII i.e. in the S1-state, and
corresponded to the P680QA to P680

U+ QA
U− transition. Although the

spectra are not identical, the differences between the spectra
obtained with the WT⁎ and the mutants were rather weak.
The D1-H198A mutant which exhibited a 1–2 nm blue-shift in
Synechocystis sp. PCC 6803 [20] behaved similarly to the WT⁎

in T. elongatus and the D1-H198Q mutant which was blue-
shifted by about 3–4 nm in Synechocystis sp. PCC 6803 [20] is
slightly red-shifted by ∼0.5 nm, at most.

3.7. Kinetic and energetic effects of the D1-H198 mutations in
O2 evolving PSII

Any change in the redox potential of the P680
U+ /P680 couple is

expected to induce a change in the P680
U+ reduction by TyrZ and/or

in P680 oxidation by TyrZ
U . The former reaction can be followed

by measuring the P680
U+ reduction kinetics in the ns time range

and the latter by measuring the S2QA
U− charge recombination

kinetics in the presence of DCMU. Alternatively, a change in
the redox potential of the P680

U+ /P680 couple can be assessed
with thermoluminescence experiments by measuring the glow
curve originating from the S2QA

U− charge recombination in the
presence of DCMU (Q band). To determine whether the redox
potential of the P680

U+ /P680 couple was affected by the mutation in
T. elongatus we followed two different approaches.

First, the S2QA
U− charge recombination was followed by

measuring the transient absorption changes at 320 nm, where
QA
U− is the main contributor [47,48], after one flash given to

dark-adapted PSII and in the presence of DCMU (Fig. 7B). No
significant differences could be detected between the WT⁎ PSII
and D1-His198 mutants PSII.

Second, the thermoluminescence glow curve, in the pre-
sence of DCMU, resulting from the S2QA

U− recombination was
recorded in PSII isolated from WT⁎ and from the D1-H198A
and D1-H198Q mutants (Fig. 8). The amplitude of the glow
curve was smaller in both mutants than in WT⁎ PSII, and the
peak of the glow curve was slightly up-shifted by 3 °C in the
D1-H198Q mutant and down-shifted by 3 °C in the D1-H198A
mutant.

3.8. Kinetics of P680
U+ reduction in Mn-depleted PSII

Amongst the possibilities which could account for the
different consequences of the D1-His198 mutations when
introduced in Synechocystis sp. PCC 6803 or T. elongatus, we
considered the fact that in the former case the Mn4Ca cluster
was absent in the isolated PSII complexes, whereas it is active
in this study. We thus studied the reduction kinetics of P680

U+ in
Mn-depleted PSII from the T. elongatus WT⁎ and D1-H198A
and D1-H198Q strains. As shown in Fig. 9, the kinetics in the
PSII from WT⁎ and from the D1-H198 mutants were similar at
each of the pH values examined. Yet, we noticed that they were
significantly faster than those reported by Hays et al. from
the study of the reduction of P680

U+ in Mn-depleted PSII core
complexes from a Synechocystis sp. PCC 6803 strain which
contained only the psbA-2 [49] or psbA-3 gene (Diner and



Fig. 9. Kinetics of P680
U+ reduction in Mn-depleted PSII. The flash-induced

absorption changes were measured at 433 nm in WT⁎ PSII (blue), D1-H198A
(green) and D1-H198Q PSII (red). The dark-adapted samples were illuminated by
1 saturating flash, then the decay of P680

U+ was followed by a train of detecting flashes
at the indicated times. Upon dark-adaptation for 15 min, 100 μMPPBQ (dissolved
in Me2SO) was added to the samples with Chl=25 μg mL−1. The pH values were
adjusted either with MES to 6.5 (circles) and to 5.6 (crosses) or with CAPS to 9.3
(squares). The inset shows the reduction of P680

U+ at pH 9.3 in the WT′ (black) and
WT⁎ (blue) at pH 9.3.

Fig. 8. Thermoluminescence glow curves from S2QA
U− recombination. TL glow

curves were recorded after one flash in PSII from WT⁎ (blue curve), from D1-
H198A (green curve) and D1-H198Q (red curve). DCMU was added on the
dark-adapted PSII prior to the illumination.
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Rappaport, unpublished). Because there is no correspondence
between the numbering of the psbAi genes in T. elongatus and
Synechocystis sp. PCC 6803, those in Synechocystis sp. PCC
6803 are denoted here psbA-i to avoid any confusion. As an
example, at pH 9.3 the major decay component had a half-time
of ≈70 ns in the case of the WT⁎ from T. elongatus whereas
it was ≈220 ns in the case of PSII from Synechocystis sp. PCC
6803 [49]. We have therefore compared the reduction kinetics
of P680

U+ in PSII purified either from WT⁎ or from WT′ (inset of
Fig. 9). To this aim, we chose an alkaline pH (pH=9.3), for
which the overall oxidation of TyrZ by P680

U+ is kinetically limited
by the electron transfer rather than by proton transfer [49–51]. In
the hundreds ns to μs time range, corresponding to the reduction
of P680

U+ by TyrZ, the decay kinetics was faster when the D1
subunit is expressed from psbA3, whereas WT′ PSII yielded
similar kinetics as those found with Mn-depleted PSII from
Synechocystis sp. PCC 6803. Interestingly the slow compo-
nent developing in the hundred μs time was similar in all three
cases.

4. Discussion

The D1-His198 mutations in T. elongatus were introdu-
ced into the psbA3 gene in a recipient strain (WT⁎) in which
both the psbA1 and psbA2 genes have been deleted and in
which a His6-tag was added to the C terminus of CP43. Both
the D1-H198A and D1-H198Q mutants grew photoautotrophi-
cally. In whole cells, the mutations had almost no effect on the
growth rate. Yet, a dramatic change was observed in the spectral
characteristics of the phycobilisomes whereas the carotenoid's
content was only slightly affected (Fig. 4). Both the absorption
of the phycobilisomes and the energy transfer from the phy-
cocyanin to PSII (Fig. 5) were modified. This suggests that
maybe the phycocyanin but certainly the allophycocyanin con-
tent in the phycobilisomes were modified. Such a phenotype is
similar to that already observed under a stress upon high-light
illuminations in other cyanobacteria [52]. The possible changes
in the rods and/or core stoichiometry observed in these mutants
would make them an interesting material in the structure/
function studies on the phycobilisome.

Despite these significant changes in the light-harvesting
properties, the yield of PSII following purification suggested
that the amount of PSII per cell was conserved. This differs
slightly from the situation in Synechocystis sp. PCC 6803 in
which the D1-H198A mutant contained only 50–60% of PSII
when compared to the wild-type [20]. Fully active PSII in O2

evolution could be purified from both mutant strains with no
significant modifications in the miss parameter and in the S1/S0
ratio in dark-adapted samples. FTIR data of P680

U+ /P680 recorded
in Mn-depleted PSII confirmed the preservation of the Mg atom
in the D1-H198A mutant despite the lack of ligand from the
protein, suggesting that a water molecule provides the axial
ligand in this case.

In order to address the question as to whether the thermo-
dynamic properties of P680 are modulated by the nature of the
axial ligand to PD1 in T. elongatus PSII we studied the decay of
S2QA

U− by charge recombination. Indeed, the decay of QA
U− by

charge recombination with the S2 state is determined by a
combination of different pathways which all involved high
energy states of P680 (namely the excited state P680⁎ or the cation
P680
U+ ) [12,31,33]. Whereas thermoluminescence only probes

the radiative pathways, the direct measure at 320 nm of the
decay of QA

U− probes all the possible routes. As a consequence
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the rate of charge recombination, the intensity of the ther-
moluminescence glow curve and its peak temperature are cor-
related (see [12,31,33] and Supplementary material for further
discussion).

In Synechocystis sp. PCC 6803, whereas the expected
correlation between the peak temperature and amplitude of
the thermoluminescence glow curve was nicely supported
[31], in the case of the D1-Q130L and D1-Q130E muta-
tions, which respectively down-shifted and up-shifted the
midpoint potential of the Pheo/PheoU− couple, such a correla-
tion was not observed for the D1-His198 mutants in which the
midpoint potential of the P680

U+ /P680 couple was affected [20].
Indeed, although the amplitude of the glow curve increased
in the D1-H198K mutant and decreased in the D1-H198A
mutant, the peak temperature increased in both mutants [31].
Moreover, in the case of D1-H198Q mutant in which the P680

U+ /
P680 redox potential is not or slightly up-shifted [20] the
amplitude increased but the peak temperature decreased [31].
Yet, in the case of all the 5 mutants (Q130E, Q130L, H198A,
H198Q, H198K) an increase (decrease) in the rate of charge
recombination was systematically mirrored by a decrease in
(increased) amplitude of the glow curve, so that we consider
this correlation as robust. In this respect the finding that, in
the case of the D1-His198 mutants from T. elongatus, the
amplitude of the glow curves was decreased whereas the
recombination rates were hardly affected weakens the simple
interpretation that the changes in amplitude of the glow
curve solely reflect a change in the P680

U+ QA
U−↔S2QA

U− equili-
brium. Thus, although the thermoluminescence measure-
ments are consistent with an increased in the free energy gap
between P680⁎ and P680

U+ PheoU−, we are reluctant to entirely ascribe
this putative change to a change in the P680

U+ QA
U−↔S2QA

U−

equilibrium. We are thus left with different possibilities: either
the initial amount of photoactive centres is decreased in the
mutant samples (such an apparent decreased activity could be
due to a larger fraction of centres in the QB

U− state before
addition of DCMU, which would eventually result in a frac-
tion of closed centres and thus in smaller luminescence
intensity); or the increase in ΔGPPh reflects an up-shift in the
energy level of P680⁎ rather than a down-shift the P680

U+ PheoU−

energy level. This would be the case for example if the equi-
librium between P680⁎ and the antenna Chl was slightly affected
as suggested by the different ratio of the PSII fluorescence
at 685 nm and 692 nm in WT⁎ and mutant PSII in Fig. 5B.

The outcome of these studies on the charge recombination
kinetics is thus that, in T. elongatus PSII, the midpoint potential
of the P680

U+ /P680 is hardly affected by either of the D1-H198A
or D1-H198Q mutations. Fig. 7A shows that the absorption
changes in the Soret region of P680 upon oxidation in the puri-
fied O2 evolving PSII from WT⁎ and D1-His198 mutants were
resilient as well to these changes in the axial ligand. This is
reminiscent of the finding that the (P700

U+ −P700) difference
spectrum varied independently of the chemical nature of the
axial ligand [53]. In Synechocystis sp. PCC 6803 PSII, however,
the D1-H198Q mutation induced a blue-shift by 3 nm of the
(P680

U+ −P680) difference spectrum [20]. Since, these spectroscopic
changes were obtained in Mn-depleted PSII, we also measured
the (P680
U+ −P680) difference spectra in Mn-depleted PSII from

WT⁎ and D1-His198 mutants but detected no significant spec-
tral changes (not shown). Therefore, the lack of significant
modifications of the P680 properties in the D1-His198 mu-
tants in T. elongatus was not a consequence of Mn4Ca–P680
interactions.

This raises the issue of the possible reasons for the differences
observed between Synechocystis sp. PCC 6803 and T. elongatus
upon substitution of the D1-His198 axial ligand to PD1.
Comparison of the sequence of the D1 subunit encoded by the
psbA3 gene in T. elongatus and psbA-3 gene in Synechocystis sp.
PCC 6803 (note: this is the gene in which the mutations were
introduced in Synechocystis sp. PCC 6803 [20]) does not point
to any obvious candidate at the molecular level. Although in
T. elongatus the D1 peptide sequences which are deduced from
the psbA genes are not identical, in Synechocystis sp. PCC 6803
the sequences deduced from psbA-2 and psbA-3 are identical
(see Supplementary material). Out of the various differences
between the two subunits only three are non conservative
and located in the relative vicinity to P680: Ala152, Gln199, and
Leu288 are found in T. elongatus, whereas Ser152, Met199 and
Met288 are found in the psbA-2 and psbA-3 products in Syne-
chocystis sp. PCC 6803. Residues at positions 152 and 288,
however, are identical in all psbA gene products in T. elongatus.
Yet, according to the X-ray structures [1,2], which were obtai-
ned with PSII containing the psbA1 gene product, none of the
side-chains of these residues directly interact with the PD1
chlorophyll. Would they, or one of them, have a role in de-
termining the spectroscopic and/or redox properties of this
chlorophyll, it is thus more likely to be indirect. Since the A152S
or L288M substitution in T. elongatus and Synechocystis sp.
PCC 6803 may provide hydroxyl or S-methyl groups possibly
involved in H-bonds with neighboring side-chains, they may
slightly constrain the scaffold which bears PD1 and PD2. We note
that, owing to the identity of psabA1 and psbA3 at this various
positions, the X-ray structures may neither support nor weaken
this hypothesis, so that testing it would require an extensive site-
directed mutagenesis strategy.

However, the differences in the primary structure of the D1
subunit encoded by the psbA-3 gene in Synechocystis sp. PCC
6803 and psbA3 gene in T. elongatus may indeed translate into
slightly different three dimensional structures. The finding that
PD1 may accommodate the likely exchange of its His axial
ligand by a water molecule is, however, in itself, surprising.
Recent DFT calculations [54] have shown that the effect of His/
water exchange as an axial ligand on the redox potential of Chla
strongly depends on the value of the dielectric constant (ɛ). For
an ε=80 the change was negligible whereas it could reach
200 mV for ε=1. The dielectric constant within a protein can
vary significantly and its evaluation is not straightforward, e.g.
[55,56]. Nevertheless, one of the outcomes of these DFT
calculations [54] is that a slightly higher value for the dielectric
constant around P680 in T. elongatus than in Synechocystis sp.
PCC 6803 would account for the lack of a modification of
the P680 redox potential in the D1-H198A mutant. Again, the
differences in the sequence of the D1 subunit in the two
organisms may result in slightly different electrostatic
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environments for P680. Yet, these differences must be kept small
enough to maintain the high oxidizing power of the P680

U+ state
which would otherwise significantly decrease.

One can find other examples of the likely structural differ-
ences between D1 subunits encoded by the various psbA genes
in the comparison of some of the electron transfer reactions
involved in the PSII function. We found that the reduction of
P680
U+ in the hundreds of ns to the μs time range in T. elongatus

was faster in WT⁎ PSII than in WT′ PSII and that the latter
yielded similar kinetics as those found with Mn-depleted PSII
from Synechocystis sp. PCC 6803. In the hundreds of μs time
range which is usually ascribed to the P680

U+ QA
U− recombination

reaction, the similar half-time found is in agreement with the
finding that the P680

U+ /P680 redox potential is similar in WT′ PSII
andWT⁎ PSII. Thus, the faster rate obtained for the reduction of
P680
U+ reduction rather reflects a change in the properties of TyrZ

and/or of the H-bond network which participates to the transfer
of its phenolic proton upon its oxidation, than a change in the
P680 properties.

Another example comes from the comparison of the S2QA
U−

charge recombination which is significantly slower in T. elon-
gatus than in Synechocystis sp. PCC 6803 or even spinach PSII.
Typically, it develops in the seconds and ten seconds time range
in mesophilic organisms and in T. elongatus, respectively.
Accordingly, the peak temperature of the thermoluminescence
glow curve is up-shifted by ∼15 °C in T. elongatus. Although,
again, structural rationales for these differences are lacking, this
points to small differences in the energetics of the various redox
cofactors in PSII which most likely reflects subtle structural
differences. In this context, the outcome of genetically
engineered T. elongatus strains and controlled growth condi-
tions promoting the expression of a single psbA gene may
constitute the cornerstone to future project aimed at identifying
these structural variations which likely exert a delicate tuning of
the energetics of PSII.
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