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In Photosystem II (PSII) from Thermosynechococcus elongatus, high-light intensity growth conditions induce
the preferential expression of the psbA3 gene over the psbA1 gene. These genes encode for the D1 protein
variants labeled D1:3 and D1:1, respectively. We have compared steady state absorption and photo-induced
difference spectra at b10 K of PSII containing either D1:1 or D1:3. The following differences were observed.
(i) The pheophytin Qx band was red-shifted in D1:3 (547.3 nm) compared to D1:1 (544.3 nm). (ii) The
electrochromism on the PheoD1 Qx band induced by QA

− (the C550 shift) was more asymmetric in D1:3. (iii)
The two variants differed in their responses to excitation with far red (704 nm) light. When green light was
used there was little difference between the two variants. With far red light the stable (t1/2N50 ms) QA

− yield
was ∼95% in D1:3, and ∼60% in D1:1, relative to green light excitation. (iv) For the D1:1 variant, the
quantum efficiency of photo-induced oxidation of side-pathway donors was lower. These effects can be
correlated with amino acid changes between the two D1 variants. The effects on the pheophytin Qx band can
be attributed to the hydrogen bond from Glu130 in D1:3 to the 131-keto of PheoD1, which is absent for
Gln130 in D1:1. The reduced yield with red light in the D1:1 variant could be associated with either the
Glu130Gln change, and/or the four changes near the binding site of PD1, in particular Ser153Ala. Photo-
induced QA

− formation with far red light is assigned to the direct optical excitation of a weakly absorbing
charge transfer state of the reaction centre. We suggest that this state is blue-shifted in the D1:1 variant. A
reduced efficiency for the oxidation of side-pathway donors in the D1:1 variant could be explained by a
variation in the location and/or redox potential of P+.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The membrane-bound protein complex Photosystem II (PSII) is a
light-driven Water:Plastoquinone Oxidoreductase [1] and is the first
stage of the bioenergetic electron transfer chain in oxygenic
photosynthesis. Visible light excitation of chlorophyll (Chl) pigments
drives electron transfer processes between the redox components of
the PSII reaction center, which are mostly bound to the D1 protein.
PSII performs the four-electron oxidation of substrate water at the
Mn4Ca oxygen-evolving complex on the luminal side of the
membrane and the two-electron reduction of the exchangeable
quinone acceptor (QB) at the stromal side.
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Light excitation of the primary electron donor P, a Chl assembly,
initiates electron transfer along the reaction center D1 protein branch,
where a pheophytin (PheoD1) is the first electron acceptor. This results
in the charge-separated state P+PheoD1− , with subsequent electron
transfer from PheoD1− to the first quinone acceptor, QA, followed by QA

−

to QB transfer. Two sequential primary electron transfer events result
in the two-electron reduction of QB, which is released to the stroma as
a quinol (QBH2) after proton uptake, and then replaced with a new
quinone from the pool. The oxidized primary donor state, P+, oxidizes
the redox active tyrosine, TyrZ, and the tyrosyl radical formed then
oxidizes the Mn4Ca cluster. After four sequential photochemical
events resulting in the accumulation of four positive charge equiva-
lents at the Mn4Ca site, two substrate water molecules are oxidized,
with the release of molecular oxygen and four protons.

Unlike plants and algae, which have only one gene copy encoding for
the D1 protein, cyanobacteria have small gene families that code for D1
protein variants. In Thermosynechococcus elongatus (T. elongatus), three
different genes (psbA1, psbA2, psbA3) encode for three different D1
protein isoforms [2]. By analogy to other cyanobacteria, environmental
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Fig. 1. Absorption spectra (traces (a) and (b)) of T. elongatus PSII core complex D1:1
(blue in online version) and D1:3 (yellow in online version) samples at 1.4 K in the Pheo
Qx region. The traces are offset along the y-axis for clarity. The absorption spectra were
measured before (solid lines) and after (dotted lines) illumination at 1.4 Kwith 100mJ/
cm2 of 514 nm light (20 s, 5 mW/cm2). The corresponding after-minus-before
illumination ΔA difference spectra are also presented as traces (c) and (d), and identify
the derivative-shaped ‘C550’ electrochromic shift of the PheoD1 in each sample. The α
Q-band of the reduced heme of Cytb559 is also observed centered at 557 nm, and
appears as a bleach in the ΔA difference spectra due to its oxidation.
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stress conditions can be expected to induce the differential expression
of these D1 isoforms [3–9]. Recently, high-light conditions have been
shown to preferentially induce the expression of the psbA3 gene over
psbA1 in T. elongatus (psbA2 expression is negligible under the
conditions studied) [10–13]. This acclimation has been associated
with a photoprotective role [6,12,14,15]. The yield of radical pair
formation and charge recombination processes are both key compo-
nents in PSII photoprotection mechanisms. In light of this, the current
paper focuses on differences between the D1:1 and D1:3 variants in (i)
the spectral properties of the PheoD1, (ii) phenomena associated with
the primary donor and (iii) the electron transfer side-pathway at low
temperatures.

1.1. PheoD1

In the low-light D1:1 and high-light D1:3 variants, the residues at
D1–130 are glutamine and glutamate, respectively. These residues are
within hydrogen-bonding distance to the 131-keto of PheoD1, and the
glutamate will be capable of providing such an interaction [13]. In
cyanobacteria, the high-light D1 variants typically contain glutamate
at position D1–130 [3,6,16]. The residue at D1–130 in plants and algae
is exclusively glutamate.

A hydrogen bond to the 131-keto of PheoD1 has been associated
with modulation of the ΔG between P+PheoD1− and P⁎ [12,17,18].
From fluorescence yield and thermoluminescence studies on
T. elongatus Kós et al. [12] recently proposed that accelerated S2QA

−

and S2QB
− charge recombination was associated with increased

expression of the D1:3 isoform. These results were interpreted as an
increased free energy gap between P⁎ and P+PheoD1− . The yield of
radical pair formation and the role of charge recombination in
photoprotection were related to high-light acclimation and differential
psbA expression.

1.2. The primary donor and optically accessible charge
transfer transitions

Hughes et al. [19] recently reported a low energy (700–730 nm),
weak absorption band in higher-plant PSII that was attributed to an
optically accessible charge transfer (CT) transition of the reaction
center. The absorption intensity of this CT band was suggested to be
due to mixing with the Qy transitions of the two pigments for which
there is direct electronic overlap, the special pair PD1–PD2. Models
describing the pigment electronic structure and/or primary light-
induced energy and electron transfer dynamics in PSII now incorpo-
rate at least two radical pair states of the reaction center chromo-
phores [20–26]. The recent model of Novoderezhkin et al. [23]
explicitly incorporates optical CT states. Their model identified a CT
transition which they associated with the 700–730 nm state observed
by Hughes et al. [19] for higher-plant PSII.

1.3. The side-pathway

Upon lowering the temperature, photo-induced electron transfer
from the catalytic oxygen-evolving tetranuclear Mn cluster to the
oxidized primary donor, P+, is inhibited [27]. Under these conditions a
side-pathway can operate where alternative terminal electron donors
are oxidized, including chlorophyll (ChlZ),β-carotene (Car), andwhen
in the reduced form, the heme group of cytochrome b559 (Cytb559)
[28,29]. A Car on the D2 side of the reaction center is the branch point
in this side-pathwaymodel [29,30] and acts as the immediate electron
donor to P+. Car+ can be re-reduced by either Cytb559 or ChlZ.

The Car, ChlZ and Cytb559 side-path donors are believed to have a
physiologically relevant protective role either by providing electrons
to P680+ under conditions where the usual donors are oxidized [28]
or by maintaining the Car on the D2 branch in the neutral form so that
it is available to quench photo-generated triplet Chl species and 1O2
[29]. There is a very wide distribution of quantum efficiencies for
terminal oxidation of the side-pathways donors at 8 K, at minimum
spanning values from 0.2 to 0.014 [31].
1.4. Optical spectroscopy of D1 variants

In this work we used steady state absorption spectroscopy and
photo-induced difference spectroscopy at temperatures below 10 K to
investigate the suggestion [13] that hydrogen bonding due to Glu130
may modify the protein interaction at the 131 keto of PheoD1. We
examined the effect of illuminating the D1:1 and D1:3 variants at 8 K
with far red (704 nm) light, which excites an optically accessible CT
state of the reaction center, compared to green light which initiates
charge separation in PSII via Qy excitations of the pigments. We also
investigated whether there is an effect on the yield and quantum
efficiency distribution of terminal side-pathway oxidation following
green light illumination of these variants.
2. Materials and methods

2.1. Preparation of PSII core complexes (D1:1 and D1:3 samples) from
T. elongatus

Construction of T. elongatus His6-tag on C-terminus of CP43 strain
(43-H) [32] and ΔpsbA1, ΔpsbA2, His6-tag on the C-terminus of CP43
strain (WT⁎) [33] have been described previously. In the present
work, to indicate the D1-variant, the 43-H and WT⁎ preparations are
referred to as D1:1 and D1:3, respectively. Purification of the PSII core
complexes was also as described previously [33].
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2.2. Preparation of samples for optical measurements

For optical measurements, samples were diluted in a medium
containing 1 M betaine, 15 mM CaCl2, 15 mM MgCl2, 40 mM Mes
(pH 6.5 adjusted with NaOH), 25% glycerol and 25% ethylene glycol (%
by volume) as a glassing medium. The sample was then syringed into
a ∼200 μm path-length quartz-windowed cell assembly [34]. The cell
assembly was attached to the sample rod, which was inserted into an
isolated-environment lock chamber attached to the cryostat and then
dark-adapted for ∼40–50 min at room temperature to allow
relaxation to the S1QA configuration. The lock chamber was then
opened and the sample rod lowered into the cryogen, where cooling
to below 130 K took less than 3 min.

2.3. Optical measurements

The absorption-difference spectra we report in this work were
those measured after a controlled external illumination, minus the
‘dark’ spectrum measured before any external illumination. The
Fig. 2. Absorption spectra at 8 K of T. elongatus PSII core complex D1:1 (lower panel) and D1
λN800 nm, and apparent absorption near 1030 nm are artifacts that do not affect theΔA spec
the after-minus-before illumination ΔA spectra obtained following 514 nm (0.01 mW/cm2

respectively. These illuminations were performed on separate dark-adapted samples, and
identifying Qy electrochromism (top right inserts) and the PheoD1 Qx electrochromic shift an
inserts show the peak-to-peak amplitude of the PheoD1 Qx ΔA as a function of illumination
scanning monochromator [35] and CCD-based spectrometers [36]
were used as described previously [31]. The data presented in Fig. 1
used the scanningmonochromator spectrometer, and the data are not
limited by the instrument spectral resolution. The data in Figs. 2 and 3
used the CCD-based spectrometer, which allow detailed kinetic
measurements. For this work, we used a 10 ms gate for the CCD
spectrometer absorptionmeasurements, the spectra were collected at
a rate of 0.2 Hz, and the time period from cessation of the external
illumination to the absorption measurement was of the order 50 ms.
The measurement light of the CCD-based spectrometer does not
induce any detectable QA

− formation or side-path oxidation for the
spectra reported here, as quantified previously [31].

The degrees of photo-induced QA
− formation and side-path

oxidation were quantified as previously described [31]. Briefly, the
PheoD1 Qx electrochromic shift (C-550) was used to indicate QA

−

formation, and the extinction coefficients for Car+ absorption at
∼1000 nm and the reduced form of the heme in Cytb559 at ∼557 nm
(Cytb559reduced−Cytb559oxidized difference extinction coefficient) were
taken as 130×103 and 41×103 M−1 cm−1, respectively (see [31] and
:3 (upper panel) variants before any illumination (black traces). The fringing pattern at
tra (see text). The light grey and dark grey traces (green and red in online version) show
for 460 s, plus 1 mW/cm2 for 510 s) and 704 nm (10 mW/cm2 for 480 s) excitation,
have been scaled to the same sample concentration. The regions in the ΔA spectra

d oxidation of Cytb559 (top left inserts) have been expanded for clarity. The bottom right
time (see text for details).



Fig. 3. Photo-induced QA reduction (top panel) and side-path donor oxidation (bottom
panel) for the D1:3 sample, dark traces (a) and (c) and the D1:1 sample, light traces (b)
and (d). Illumination was with 514.5 nm light. The side-path oxidation for the D1:1
variant (d) has been scaled by ×1.23 for a direct qualitative comparison of the quantum
efficiency distribution with D1:3 (c).
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references therein for more detailed discussion of the estimates for
these extinction coefficients). The net area of the Qy absorption was
also monitored, and a net loss of area was used as a measure of Chl
oxidation.

2.4. Sample illumination

Two different laser systems were used for controlled sample
illumination. For green light illumination, the 514.5 nm line of a
Spectra Physics model 165 Ar+ laser was defocused to ensure uniform
illumination of the sample. For 704 nm illuminations, a Spectra
Physics model 375 dye laser operating with DCM dye and pumped by
a Spectra Physicsmodel 175 Ar+ laser was used. A 3-plate birefringent
filter was used for wavelength selection, resulting in a linewidth of
∼1–2 cm−1. The output of the dye laser was propagated ∼8 m from a
Littrow reflector to separate the laser light from the fluorescence
background of the DCM dye. Neutral density filters were used to
reduce the power as required.

3. Results

3.1. D1-variant effect on Pheo Qx absorption and ‘C-550’ shift

Fig. 1 shows the 520–570 nm absorption region of PSII core
complexes from T. elongatus, containing either D1:1 or D1:3 protein
variants. The spectra are scaled to the same sample concentration, as
determined by the area of the Qy absorption bands. The absorption
spectra before and after illuminationwith 514.5 nm light are shown as
the solid and dotted lines in traces (a) and (b). The α Q-band
absorption of the reduced heme of Cytb559 is centered at ∼557 nm
(Fig. 1) in both D1:1 and D1:3 samples (traces (a) and (b), Fig. 1). The
near-degenerate Qx and Qy transitions of reduced Cytb559 are resolved
in the double-peaked ∼557 nm absorption band. In the dark spectra
(solid lines, (a) and (b)), the peak of the Pheo Qx absorption is at
544.3 nm and 547.3 nm for the D1:1 and D1:3 samples, respectively.
The red shift of the Pheo Qx absorption peak by 3.0 nm for the D1:3
sample, relative to the D1:1 sample, is assigned to the hydrogen bond
to the 113-keto of the PheoD1 from the carboxylate group of Glu130 in
D1:3. This is consistent with mutagenesis studies which have
identified that the Qx bands for the bacteriopheophytin in the active
L-branch of the Bacterial Reaction Center (BRC) [37] and for PheoD1 in
PSII from Synechocystis PCC 6803 [38,39] red shift due to a hydrogen
bond to the 131-keto ring substituent.

The after-minus-before illumination absorption-difference spectra
are also presented in Fig. 1 as traces (c) and (d), showing the
electrochromic blue shift of the PheoD1 Qx absorption dominated by
the presence of QA

−, known as the C-550 shift. The profiles of the
PheoD1 Qx ΔA spectra for the D1:1 and D1:3 samples are distinctly
different. The ΔA spectrum of the D1:1 sample has a nearly symmetric
derivative shape, whereas that for the D1:3 sample exhibits
significant asymmetry. This asymmetry is also observed for the
PheoD1 Qx shift measured, at least in some cases, in higher plants
[19,40,41] and can be correlated with the presence of the hydrogen
bond from D1-Glu130 to the 113-keto of PheoD1.

There areweak, positive features in theΔA spectra at 532.7 nm and
525.6 nm. These features appear in both D1:1 and D1:3 samples, and
are not associated with the shift of either of the pheo absorptions.
These weak features exhibit different amplitudes in the D1:1 and D1:3
samples, and scale with the different amplitudes of the Cytb559
absorption bleaches centered at ∼557.4 nm. Thus, these weak,
positive features might be associated with absorptions of an oxidized
form of the heme in Cytb559 [42]. They do not account for the
asymmetry in the PheoD1 Qx electrochromism for the D1:3 sample.

The significant asymmetry of the PheoD1 Qx shift suggests either (i)
an intrinsically asymmetric absorption profile, (ii) a change in
absorption intensity, or (iii) a change in width. An intrinsic
asymmetric profile has recently been attributed to the PheoD1 Qx

absorption in higher plants, and suggested to be due to phonon
sideband intensity [41]. A variation in this sideband intensity may be
associated with vibronic coupling of the Qx state with other electronic
states. Vibrational sideband intensities of the Qy transition of protein-
bound Chl a have been shown to be variable [43]. A change in width
might also be associated with the interplay between Stark effects
associated with changes in dipole moment (Δμ) and polarizability
(Δα) [44].

From the higher-plant electrochromic data [41] a broad higher-
energy component of the asymmetric PheoD1 Qx absorption was
observable in the ΔA spectrum. A corresponding broad higher energy
component is not clearly identifiable in the PheoD1 Qx ΔA spectra
presented here, for either the D1:1 or the D1:3 variants. In the present
work we were unable to model the pheo absorption profiles, as
accurate determination of the baseline was not possible due to the
absorption changes in the 520–535 nm region due to Cytb559
oxidation (see above). Further data on the T. elongatus D1:1 and
D1:3 variants in which Cytb559 is fully pre-oxidized will facilitate such
an analysis, and may help to discriminate between the possibilities
(i)–(iii) outlined in the previous paragraph.

The D1:3 sample was obtained from T. elongatus grown from a
strain where the psbA1 and psbA2 genes were deleted, while the D1:1
sample used growth conditions that are considered to result in
predominantly psbA1 expression. The distinctly different positions
and profiles of the PheoD1 Qx shifts for D1:1 and D1:3 samples allows
us to put quantitative limits on the proportion of the two types of
reaction centre present: the D1:1 sample used here contained no
more than 5% of centers bearing a D1:3 protein. This was determined
by subtraction of the ΔA spectrum for the D1:3 sample from the ΔA
spectrum for the D1:1 sample. For this subtraction, if the D1:3 ΔA
spectrumwas scaled to a sample concentration any more than ∼5% of
the D1:1 sample concentration, the result was a spectrum that was no
longer smooth continuous, and an anomalous ‘kink’ appeared at
548 nm. This quantification is consistent with the recent analysis of
the mRNA pool by Loll et al. [13] where the material used for
crystallography grown under low-light conditions, and harvested late
in the cell culture, contained b2% psbA3. At earlier stages of cell
culture, grown under low-light conditions, the mRNA level of psbA3

increased to a maximum of 10%. Thus, although an increased mRNA
level of psbA3 under such conditions does not necessarily mean there

http://dx.doi.org/10.1021/jp808796x
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will be a corresponding increase in the expression of D1:3, the
quantification using our optical results indicates that it is not
detectable under our culture conditions.

3.2. Photo-induced QA reduction and side-path oxidation: 704 nm
vs 514 nm excitation at 8 K

Fig. 2 shows the absorption spectra of D1:1 and D1:3 samples at
8 K before any illumination (black traces) over the full 400–1050 nm
range. The spectra are dominated by Chl and Car absorption. The
fringing pattern evident at wavelengths longer than ∼800 nm is due
to etaloning within the CCD detector chip. This fringing pattern is
constant and thus does not affect the ΔA spectra. The feature beyond
∼1000 nm is due to second order ∼500 nm light. Since the absorption
changes near 500 nm are small (ΔA/Ab10%) andmuch narrower than
the Car+ absorption near 1000 nm, this process clearly has negligible
affect on the ΔA spectra at wavelengths shorter than 1000 nm.

The after-minus-before illumination difference-spectra are shown
in Fig. 2 as the green and red traces, corresponding to 514 and 704 nm
illumination at 8 K, respectively. For illumination at 514 nm, each
sample received the same irradiation dose. The 704 nm illumination
for each sample was also with the same irradiance, although different
to that used for 514 nm illumination (see figure legend). Accurate
quantification of the absorbed fluence at 704 nm could not be made in
this work, as addressed in the Results section “Yields of photo-
induced QA reduction: the D1:3 variant.” The sample concentrations
were within ±10% of each other, and all the ΔA spectra as well as the
kinetic traces (see below) have been normalized to the same
concentration, as determined by the dark spectra (black traces) for
the respective samples.

Illumination of either sample resulted in the appearance of a Car+

absorption near 1000 nm and depletion of Car absorption in the 450–
520 nm range. There was also absorption depletion due to oxidation
of the initially reduced Cytb559, as for the data in Fig. 1. The loss of Chl
a absorption, determined by the net area of the ΔA spectra in the Qy

(0,0) region was inferred to indicate Chl oxidation. The ΔA spectra
showing the electrochromism of the Chl/Pheo Qy(0,0) and PheoD1 Qx

absorptions that are due to QA
− and oxidized terminal side-path

donors have been expanded for clarity of presentation, and are
shown as the dotted traces inserted top right and left in Fig. 2. There
are some small variations between the ΔA spectra observed at
wavelengths shorter than 520 nm. These are minor artifacts
associated with the baseline stability and the sensitivity of this
particular wavelength region to the precise alignment of any optical
components in the measurement light path of the CCD-based
spectrometer.

The bottom right inserts in Figs. 2 and 3 show the growth of the
peak-to-peak ΔA of the PheoD1 Qx electrochromic shift, which
monitors trapped (t1/2N50 ms) QA

− as a function of illumination
time for excitations at 704 nm and 514 nm. The ΔA spectra that are
presented in Fig. 2 correspond to the endpoints of the kinetics
shown in the inserts. These correspond to saturating illuminations,
where the maximum possible (within 5%) photo-induced QA

reduction with the respective illumination wavelengths was
obtained [19,31]. For the 514 nm illuminations, two irradiances
were used. The first illumination period (before ∼480 s) used an
irradiance of ∼0.01 mW/cm2, while the second period (after
∼480 s) used ∼1 mW/cm2.

3.3. Yields of photo-induced QA reduction: the D1:3 variant

The ΔA spectra for the D1:3 samples obtained after saturating
514.5 nm and 704 nm illuminations, where longer illumination has
negligible effect, are practically identical. The 704 nm illumination
resulted in N90% of photo-induced QA

− formation relative to the
514 nm illumination, as determined by the peak-to-peak ΔA
magnitude of the PheoD1 QX shift. Saturation of the PheoD1 Qx ΔA
was obtained by the illumination at 704 nm, as shown in the insert of
Fig. 2.

Since these illuminations and measurements were performed at
8 K, the available thermal energy is kT∼5.6 cm−1. Consequently
thermal activation by 28 cm−1 (5 kT) will occur in b1% of centers.
Thus, thermal activation of absorption more than 1.5 nm to shorter
wavelength than the excitation wavelength of 704 nm can be
neglected. The bandwidth of the dye laser used for 704 nm
excitation was ∼1–2 cm−1, and control experiments (see Materials
and methods) demonstrated that the measurement light of the
CCD-based spectrometer did not contribute to the photo-induced QA

reduction or side-path oxidation for the data presented here. For
the sample concentrations used in this work, the long-wavelength
Chl absorption of the CP47 proximal antenna has been shown to be
negligible at wavelengths longer than 704 nm in PSII core
complexes isolated from spinach [45]. The very close correspon-
dence evident between the long-wavelength CP47 absorption in
spinach and T. elongatus (comparison not shown), allows us to
suggest the same lower wavelength limit for any pigment
absorptions in T. elongatus.

These results for the D1:3 variant demonstrate the existence of a
state that absorbs at 704 nm and whose excitation at 8 K results in
photo-induced QA reduction and side-path oxidation in practically all
centers. This indicates that this low energy absorption band is
dominantly homogeneously broadened, and we assign this species
to an optically accessible CT state of the reaction center, analogous to
that of plant PSII [19,46,47]. We have not as yet been able to quantify
the absorption profile of this band in D1:3 samples from T. elongatus.
This is due to the lower sample concentrations available in this work
compared to the concentrated plant PSII core complex samples
[19,45,47–49].

Our assignment of a weak low energy absorption band (N700 nm)
to a CT transition is predicated on the observation that it is dominantly
homogeneously broadened and its excitation leads to QA

− formation.
The absorption band of a CT transition can be expected to have a
dominant homogeneous component due to the excitation of multiple
quanta of vibrational/phonon modes that accommodate the signifi-
cant nuclear displacements associated with the charge transfer.
Consequently, narrowband excitation within such an absorption
band will result in absorption in a majority of centers. By contrast,
absorption bands of long-wavelength Chl pigment transitions are
typically dominated by inhomogeneous broadening, as demonstrated
by spectral hole-burning measurements [45,47,49,50].

Both the irradiance and illumination times used in this work
were comparable to those used for the illuminations near 704 nm of
higher-plant PSII performed by Hughes et al. [19]. However, the
plant PSII samples were more concentrated by a factor of ∼×2–3,
which allowed the identification of the 700–730 nm absorption
band. The irradiance used was not indicated in the original paper
[19], but was typically ∼10–20 mW/cm2 for illuminations near
705 nm. In higher plant, ∼75% QA

− formation was achieved with
704 nm illumination [19], compared to ∼95% for the T. elongatus PSII
D1:3 variant (this work). In the higher-plant system, 704 nm
illumination was reported to exhibit quantum efficiencies signifi-
cantly lower than observed for green light (non-selective) illumina-
tion [19]. Thus, even though we cannot quantify the efficiencies in
this work for 704 nm illuminations of our T. elongatus samples, they
appear to be comparable to that observed for higher plants. For the
higher-plant data [19], a scanning monochromator system was used
to read out the C-550 shift for quantification of QA reduction. The
slower readout inherent with this technique (∼5 min) compared to
the ∼50 ms resolution used here for the CCD-based spectrometer
means that recombination processes with t1/2 of the order 5 min or
less [19,31] may have contributed to the lower yield reported in the
higher-plant data.
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3.4. Yields of photo-induced QA reduction: the D1:1 variant

The ΔA spectra for the D1:1 samples obtained after saturating
514.5 nmand704nm illuminations exhibit significant differences in the
yield of photo-induced QA reduction and side-path oxidation. The ΔA
spectral profiles are very similar, but the amplitude of the electro-
chromism ΔA features are smaller by ∼40% for the saturating 704 nm
illumination, compared to the saturating 514.5 nm illumination.

As for the D1:3 sample, we attribute a homogeneously broadened
CT absorption in the D1:1 variant whose excitation gives rise to QA

reduction. However the yield of photo-induced QA
− formation by

excitation at 704 nm of the D1:1 variant is markedly different to that
for D1:3. In plant PSII, illuminations at progressively longer wave-
lengths beyond 700 nm led to a reduction in quantum efficiency of
photoreduction [19]. From the kinetic traces in Figs. 2 and 3 both the
quantum efficiency and the yield of 704 nm photo-induced QA

−

reduction in the D1:1 variant are significantly lower than in D1:3.
In the dark absorption spectrum of the D1:1 sample, there was a

weak, broad feature in the 700–730 nm region that was not evident in
the D1:3 samples. Following the 704 nm illumination of the D1:1
sample there was some reduction of this absorption, but virtually no
change following 514 nm illumination. Absorption depletion of the
long-wavelength CT band in the 700–730 nm range in plant PSII
following optical excitation at low temperature has been correlated
with QA

− formation [19,45,48]. However, further experimentation is
required to clarify and quantify whether this weak absorption in the
D1:1 sample can be associated with the PSII reaction center.

3.5. Yields and quantum efficiencies of side-path oxidation: D1:1 vs
D1:3 variants

The percentage yields per PSII for photo-induced oxidation of the
terminal side-path donors for the saturating (maximum QA

−) 514 nm
and 704 nm illuminations are presented in Table 1. As found
previously [31], there appears to be a side-path donor that does not
exhibit a clear spectral signature in the 400–1000 nm range. After a
saturating green (514 nm) illumination, the total number of centers
where terminal oxidation of the observed side-path donors occurred
was ∼65% for the D1:1 and ∼80% for the D1:3 variants. In the D1:1
sample there was initially a lower amount of reduced Cytb559, but in
this case neither ChlZ nor Car replaced the Cytb559 as the terminal
donor, i.e. there is more unidentified donor in the D1:1 sample. The
amount of Car and ChlZ oxidation in both samples for saturating green
illuminations was approximately the same. For D1:3, the distribution
of oxidized side-path donors per QA

− was the same for the saturating
704 and 514 nm illuminations. After a saturating 704 nm illumination
of the D1:1 sample there was a diminished amount of ChlZ oxidation
per QA

−. This reduction was matched by an increased amount of
unidentified donor, compared to the green illumination.

We reported [31] photo-induced QA reduction and terminal side-
path donor oxidation in PSII isolated from T. elongatus from cultures
grown with both psbA1 and psbA3 genes intact. This data was
quantified as a function of absorbed photons per center [31]. A simple
model was used to analyze the datawhere distinct quantum efficiency
distributions were used to describe photo-induced QA reduction and
Table 1
Photo-induced yields per PSII.

Sample D1:3 D1:1

Excitation 704 nm 514 nm 704 nm 514 nm

QA
− 95% 100% 60% 100%

Cytb559(ox) 38% 40% 17% (26%) 28%
Car+ 11% 13% 10% (16%) 14%
Chl+ 26% 28% 10% (16%) 24%

The figures in brackets are normalized per QA
− for the corresponding 514 nm

illumination.
terminal side-path oxidation. The photo-induced QA reduction was
describable by three distinct quantum efficiency fractions: (i) a very
high efficiency fraction with quantum efficiency ∼0.5–1, (ii) a middle
efficiency fraction having a very large quantum efficiency range of
∼0.014–0.2 and (iii) a low efficiency fraction with quantum efficiency
∼0.002. The side-path donors ChlZ, Car and reduced Cytb559
accounted quantitatively for the middle efficiency component.

For 514 nm illuminations of the D1:1 and D1:3 samples, we
quantified as a function of the absorbed photons per PSII the photo-
induced QA

− reduction and side-path donor oxidation that are
presented as kinetics in the inserts of Fig. 2. The quantification is
shown in Fig. 3. Only the summed side-path donor contributions are
presented, as the current data sets are not able to provide meaningful
conclusions regarding any distinctions between the quantum effi-
ciency distributions for terminal oxidation of the different side-path
donors. The results in Fig. 3 are in general quantitative agreement
with those reported earlier [31], but with some notable variations.

The data in Fig. 3 have been scaled to the same endpoint so as to
directly compare the functional form of the quantum efficiency
curves, as this is a direct qualitative comparison of the distribution of
quantum efficiencies. The initial data points for QA reduction in the
two D1 variants are almost identical, indicating the same fraction of
very high efficiency centers. These centers were previously ascribed to
TyrZ oxidation [31]. The D1:1 variant exhibits a reduction in the
broadly distributed middle quantum efficiency component of photo-
induced QA reduction. This is accounted for by a change in the
quantum efficiency distribution for oxidation of the side-path donors,
where there are less centers in the higher efficiency fraction of the
broad distribution (Fig. 3).

We point out that our analysis does not consider any fraction of
PSII cores that may exhibit reversible photochemistry, i.e. generating
the PQA ground state from photo-induced P+QA

− (recombination t1/
2∼2 ms). However, as quantified previously [19,31], the maximum
amount of QA

− per PSII induced by low temperature illumination in our
samples is considered to be 95±5%, indicating that the fraction of
centers that might only perform such reversible photochemistry is
negligible in the experiments reported here. Competition of side-path
oxidation with P+QA

− recombination accounts in part for the low
efficiencies of photo-induced side-path oxidation.

4. Discussion

4.1. Optically accessible CT transitions of the reaction center

There are a number possible charge-separated configurations of
the reaction center pigments of PSII. This is reflected in descriptions of
the electronic structure and electron transfer dynamics of the PSII
reaction center. Current models introduce a number of radical pair
states associated with the primary charge separation kinetics [20–26].
Significant optical intensity (i.e that approaching the absorption
intensity of Chl Qy) in a CT band requires a substantial degree of
electronic overlap between the donor and acceptor. From PSII
structural data [51,52], only the PD1 and PD2 special pair pigments
are close enough to allow an appropriate level of electronic overlap.

We note that theoretical studies of the bacterial reaction center
(BRC) have been unequivocal in excluding any significant CT intensity
involving pigments apart from the special pair of bacteriochlorophylls
[53]. The center-to-center separation of the special pair pigments in
PSII (7.6 Å) [51] is almost the same as that in the BRC (7.5 Å). The
intensity of the CT band in higher-plant PSII has been estimated as
equivalent to ∼0.15±0.05 of the Chl a Qy transition [19] and this is
close to the value of the absorption intensity calculated for the CT
band in the BRC.

Over the past decade, a consensus has emerged that primary
charge separation in PSII is initiated at ChlD1, rather than PD1/PD2
[22,54–61]. This is in agreement with the original proposal [62], based
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on the location of the PSII reaction center triplet state on ChlD1. One
inference from the work presented here is that the charge-separated
state relating to the putative low energy CT absorption at λN700 nm
might be expected to contain significant ChlD1+ PheoD1− character.
However, this possibility is contraindicated by the lack of significant
electronic overlap between these pigments (see above). An optically
accessible PD1–PD2 CT band may not only have PD1/PD2 pigment
character via mixing with their Qy excitations, but also gain some
component of ChlD1 character by exciton coupling processes between
the reaction centre pigments [19,23]. Excitation of this small
component of ChD1 Qy character in the CT transition may then
proceed to ChlD1+ PheoD1− charge separation, consistentwith the current
view [22,54–63].

We tentatively attribute the 40% lower yield of QA
− formation

following 704 nm excitation of the D1:1 variant to a shift of the CT
transition to significantly shorter wavelengths, compared to the D1:3
variant. We note that the CT absorption present in the 700–730 nm
region in PSII core preparations is absent in isolated D1/D2/Cytb559
reaction center preparations prepared from higher plants [42]. An
analysis of spectra from D1/D2/Cytb559 samples, including Stark data,
assigns (Fig. 6 of Novoderhezkin et al. [23]) a CT band peaking near
682 nm having a dipole strength corresponding to ∼0.3 Chl a. This
would indicate that the CT band in D1/D2/Cytb559 has moved to
significantly higher energy compared to its position in PSII core
complexes, presumably due the different effective dielectric and/or
charge environment of the PD1/PD2 pigments in these preparations.
Evidence for a modification of the primary donor between core
complex and D1/D2/Cytb559 preparations also come from FTIR
studies [64,65] used to determine the extent of P+ delocalization
between PD1 and PD2 (discussed further below).

As discussed in Hughes et al. [19] the low energy CT absorption in
PSII core complexes may be composed of more than one CT band. This
possibility was introduced to account for the observation that
excitation of higher-plant PSII at progressively longer wavelengths
leads to a notable drop in the quantum efficiency of QA

− formation. It is
possible that the different yields and efficiencies of QA

− formation
following 704 nm excitation of the D1-variants reflect the direct
excitation of different CT band components.

The fluorescence yield and thermoluminescence results of Kós et
al. [12] were interpreted to indicate that the free energy gap between
the P+PheoD1− and P⁎ states, relevant in the kinetic scheme for S2QA

−

and S2QB
− recombination, is increased in the D1:3 variant. If the P⁎

energy is considered invariant in the two D1 isoforms [12], then the
P+PheoD1− energy has been lowered in D1:3. The long-lived P+ state
is considered to be PD1+ (discussed in more detail below). The
interpretation of our data (above) suggests that a PD1–PD2 optical CT
state is also at lower energy in the D1:3 variant.

4.2. Site-specific effects of D1 variants on PheoD1 and the primary donor

There are 21 amino acid differences in the primary sequence of the
D1 polypeptide between the D1:1 and D1:3 variants. These have been
recently modeled [13] based on the published 3.0 Å structural data
[51]. There are two differences between D1:1 and D1:3 that seem
clearly relevant to the present work: (i) the change near the PheoD1 at
position 130 from glutamine to glutamate, and (ii) the amino acid
changes in the hydrophobic binding pocket of PD1.

The absence of the hydrogen bond to PheoD1 in the D1:1 variant is
expected to result in a less stable PheoD1− and a higher energy of the
ChlD1+ PheoD1− radical pair state (compared to that in D1:3). However,
the presence or absence of the hydrogen bond to the PheoD1 may
have less effect on the energy of the special pair PD1–PD2 charge-
separated states of the reaction center that give rise to the optical CT
transition(s).

The hydrophobic binding pocket of PD1 exhibits four amino acid
changes between the D1:1 and D1:3 variants at positions 123, 153,
184 and 283. In particular, the hydrophilic Serine at position D1–153
in the D1:1 is replaced by a hydrophobic Alanine in D1:3. It has been
suggested [13] that due to the close proximity of residue D1–153 to
the carbonyl groups of PD1, Ser153 may provide a preference over
Ala153 for the coordination of a water molecule. This change might
modify the hydrogen-bonding network near the PD1 carbonyl
functions, potentially altering the energetics of PD1/PD2 charge-
separated states. This provides a rationale for the putative blue shift
of the CT band in the D1:1 variant. We also note that the other three
residues near the PD1 binding pocket at positions 123, 184, and 283
could also provide an effect. We suggest that these amino acid
variations near the PD1 pigment could be a dominant factor
determining the energetics of the optical CT transition(s) in PSII.
Site-directed mutagenesis experiments may directly target these
single residues in both D1:1 and D1:3 variants.

4.3. Efficiency of side-path oxidation

We found a lower efficiency of the terminal side-path oxidation in
the D1:1 variant. There also appeared to be some variation in the
distribution of terminal side-path donors between D1:1 and D1:3
variants, where the largest effect was for 704 nm excitation of the
D1:1 variant. We briefly discuss how the location of the long-lived P+

state may contribute to these phenomena.
In plant PSII, FTIR [64,65] and ENDOR [66] as well as FTIR on

T. elongatus [64] and optical difference spectroscopy on D1-His198/
D2-His197 mutants of Synechocystis PCC6803 (core complexes) [59]
have been interpreted to indicate some differential localization of the
long-lived P+ cation between PD1 and PD2 (see also the review by
Rappaport and Diner [55]). The results were used to suggest a ∼70–
80% localization on one Chl in PSII core complexes, but the FTIR and
ENDOR could not determine onwhich pigment the charge localization
was preferred. Furthermore, the FTIR [64,65] was interpreted to
suggest that the charge was shared approximately evenly between
PD1 and PD2 in D1/D2/Cytb559 preparations, and taken as an indication
that the structure of P680 was modified in these samples.

A different location of the P+ cation would result in a different
electron transfer distance from the CarD2 branch point of the side-
pathway. From the structural model of Loll et al. [51], the increased
edge-to-edge distance for localization of the cation on PD2 compared
to PD1 is 24.1 vs 21.0 Å, while the distances from PD2 and PD1 to QA are
22.1 vs 21.3 Å, respectively. Using the empirical formula of Dutton
et al. [67] for long-range electron transfer in proteins, this translates to
maximal electron transfer rates for CarD2 oxidation by P680+ of 140
and 2 ms, and the P+QA

− direct recombination reaction of 9 and 3 ms,
for either PD2 or PD1, respectively. Thus, based on distance alone, a
decrease in the efficiency of stable QA

− formation and side-path
oxidation of up to an order of magnitude is reasonable. We note also
that at room temperature at pH 9.3 in Mn-depleted PSII, a faster
reduction of P+ in D1:3 compared to D1:1 has been reported [33].

It was recently concluded from mutagenesis studies of the D1:3
variant that the nature of the ligand to PD1 is not a critical determinant
of the spectroscopic and redox properties of P in T. elongatus [33]. It
will be relevant to our results on the side-pathway to determine if the
same result holds for the D1:1 variant, and also for mutations at
position D1–153 that may alter the hydrogen-bonding pattern to the
PD1 carbonyl functions. Such an investigation will also be relevant in
light of the observations here that regard the dominant effect on the
optical CT states as being due to amino acids near PD1.

5. Conclusion

Our investigation indicates that the properties of the primary
donor in T. elongatusmay be correlated with differential expression of
the D1 protein. We have interpreted our results to suggest a tuning of
the transition energy of an optically accessible CT absorption of the
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primary donor to higher energy in the low-light D1:1 variant,
compared to the high-light D1:3 variant. The relationship of the
excitonic and CT excitations is a crucial factor in determining the
effectiveness of different charge separation pathways and stabiliza-
tion events in PSII, as identified in the recent model presented by
Novoderezhkin et al. [23]. In light of this, more detailed investigation
of the optically accessible charge transfer transition(s) and charge
separation dynamics in the D1 variants, particularly following direct
excitation of the CT transitions, could be an insightful avenue for
future research.

The quantum efficiency distribution for photo-induced side-path
oxidation at 8 K exhibits a lower fraction of the higher efficiency
component in the D1:1 variant compared to the D1:3 variant. This
result suggests a direction for further investigation of possible
differentiation in the photoprotective roles of the side-pathway
associated with light-dependent differential psbA expression.
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