
Biochimica et Biophysica Acta 1847 (2015) 153–161

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbab io
Optical identification of the long-wavelength (700–1700 nm) electronic
excitations of the native reaction centre, Mn4CaO5 cluster and
cytochromes of photosystem II in plants and cyanobacteria
Jennifer Morton a, Fusamichi Akita b, Yoshiki Nakajima b, Jian-Ren Shen b, Elmars Krausz a,⁎
a Research School of Chemistry, Australian National University, Canberra, Australia
b Photosynthesis Research Center, Graduate School of Natural Science and Technology, Department of Biology, Faculty of Science, Okayama University, Okayama, Japan
Abbreviations:PSII,photosystemII;OEC,oxygenevolvin
CD, circular dichroism;MCD,magnetic circular dichroism;
onance; UV/Vis, ultra violet/visible; LMCT, ligand tometa
state; Chl-a, chloropyll-a
⁎ Corresponding author. Fax: + 61 2 6125 0750.

E-mail address: elmars.krausz@anu.edu.au (E. Krausz)

http://dx.doi.org/10.1016/j.bbabio.2014.11.003
0005-2728/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 5 September 2014
Received in revised form 28 October 2014
Accepted 5 November 2014
Available online 13 November 2014

Keywords:
Photosystem II
Reaction centre
Oxygen evolving centre
Charge-transfer
Circular dichroism
Magnetic circular dichroism
Visible/UV absorption in PS II core complexes is dominated by the chl-a absorptions, which extend to ~700 nm. A
broad 700–730 nm PS II core complex absorption in spinach has been assigned [1] to a charge transfer excitation
between ChlD1 and ChlD2. Emission from this state, which peaks at 780 nm, has been seen [2] for both plant and
cyanobacterial samples. We show that Thermosynechococcus vulcanus PS II core complexes have parallel
absorbance in the 700–730 nm region and similar photochemical behaviour to that seen in spinach. This
establishes the low energy charge transfer state as intrinsic to the native PS II reaction centre. High-sensitivity
MCD measurements made in the 700–1700 nm region reveal additional electronic excitations at ~770 nm and
~1550 nm. The temperature and field dependence of MCD spectra establish that the system peaking near
1550 nm is a heme-to-Fe(III) charge transfer excitation. These transitions have not previously been observed
for cyt b559 or cyt c550. The distinctive characteristics of theMCD signals seen at 770 nmallow us to assign absorp-
tion in this region to a dz2 → dx2 − y2 transition of Mn(III) in the Ca-Mn4O5 cluster of the oxygen evolving centre.
Current measurements were performed in the S1 state. Detailed analyses of this spectral region, especially in
higher S states, promise to provide a new window on models of water oxidation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

PS II core complexes are widely utilised to study the spectroscopy as
well as the fundamental photo-physics and photochemistry occurring
in PS II. These complexes are the minimal photosynthetic assemblies
capable of evolving oxygen. PS II cores incorporate CP43 and CP47
proximal antennae, these being intimately attached to its D1/D2/cyt
b559 reaction centre protein assembly. Isolated D1/D2/cyt b559 reaction
centre assemblies [3] undergo charge separation but do not bind plasto-
quinones and their tyrosines are not photoactive. Additionally, they do
not retain the OEC containing the catalytically active Mn4CaO5 cluster.
We have demonstrated [4] that the reaction centre present in PS II
core complexes of spinach differs from that of isolated D1/D2/cyt b559
in their spectral characteristics, particularly in the 700–730 nm range.
There is no equivalent absorption in the D1/D2/cyt b559 assemblies in
the 700–730 nm region to that seen in spinach core complexes.
gcentre;Near-IR,nearinfrared;
EPR, electron paramagnetic res-
l charge transfer; DRS, deep red

.

PS II core complexes can be prepared to have an oxygen-evolving ca-
pacity approaching that of membrane bound PS II and thylakoids. Core
complexes isolated from Thermosynechococcus vulcanus (T. vulcanus)
and closely related thermophiles have been successfully crystallised,
allowing a crystal structure determination [5] to atomic resolution
(1.9 Å). These crystal structures have been a strong impetus to both
theoretical and experimental studies; a primary goal being the determi-
nation of the mechanism of catalytic water oxidation.

It has long been known that illumination of PS II in the 700–900 nm
region gives rise to significant changes in Mn4CaO5 related EPR spectra
[6,7]. These effects are dependent on the S state being measured and
the sequence/temperature whereby near-IR illumination is utilised.
The Mn4CaO5 based absorption responsible for this photo-activity
is thought [7] to be either a d–d transition within Mn(III) d4

configuration(s) or a charge transfer (mixed valence) absorption(s) of
neighbouring Mn(III)–Mn(IV) pair(s). Resonance Raman spectroscopy
[8] has also been used to provide evidence for an Mn-based absorption
in the 800 nm region.

There were early reports [9,10] of transient absorption changes
exhibited in the 700–900 nm range in experiments on PS II membrane
preparations following flash illumination. These changes were of the
magnitude of Δε ~100 M−1 cm−1 but showed no distinct spectral
features. An attempt [11] was made to monitor changes in the near-IR
absorption of concentrated preparations of highly oxygen-evolving
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spinach PS II cores, following intense 5 ns 532 nmYAG laser flashes at
0 °C. These flashes transiently created the S2QA

− configuration of PS II
from the (resting) S1QA state, the former having a lifetime of ~60 s at
0 °C in spinach. Flash induced transmission changes were measured,
a single wavelength at a time. This allowed a broad near-IR differ-
ence spectrum, peaking near 800 nm to be accumulated, having Δε
~100 M−1 cm−1. The spectral profile of this transient absorption
change matched the EPR action spectra reasonably well and the
phenomenon was attributed to an oxidation process within the
Mn4CaO5 cluster, and associated with the S1 to S2 step. However,
using a CCD spectrometer [12] to later repeat this experiment, this
transient absorption feature was seen to be due to the creation of a
small concentration (1 mol%) of the radical P680+. The long-lived
S1(P680+)QA

− species appears to be in thermodynamic equilibrium
with the S2QA

− state, indicating an ~110 mV electrochemical
difference between the S1(P680+)QA

− and S2QA
− configurations in

spinach cores.
So as to provide direct optical signature(s) for the Mn4CaO5 based

absorptions responsible for the well-known EPR changes induced by
long wavelength illumination, we have explored the near-IR spectral
region in detail, using low-temperature absorption, CD and MCD tech-
niques. The MCD technique in particular, can be expected to show
distinctive behaviour for Mn(III)-based Mn4CaO5 excitations. Although
absorption in the near-IR is weak, Mn4CaO5 based excitations potential-
ly have a (relatively) strongMCD signal. Themagnetic field dependence
aswell as temperature dependence of theMCD signal is different for the
various chromophores present in the near-IR region. For chlorophylls
and other diamagnetic species, MCD B terms are present. B terms [13]
are temperature independent, and have the same shape as the absorp-
tion giving rise to the dichroism and have amplitudes that are linear
in the applied magnetic field.

For odd-electron paramagnetic species, such as oxidised cyto-
chromes, an MCD C term [13] is dominant at low temperatures. An
MCDC term for a g ~2 system typically has a 1/temperature dependence
above ~10 K but becomes strongly saturated when approaching ~2 K in
a 5 T applied magnetic field. For even-electron paramagnets such as
high-spin Mn(III) or Fe(II) species, complex MCD signatures can be
expected to occur. This complexity is due to the magnetic field induced
mixing and shifting of the manifold of spin-orbit levels of the ground
state configuration. Even electron paramagnet-based MCD signals are
characteristically much stronger (relative to absorption) than ‘normal’
B terms and have distinctive field and temperature dependences [14]
in the 1.5–40 K range.

There have been a number of studies of Mn(III) catalase μ-oxo
dimers [15,16] and related model compounds [17], as well as Mn(III)
monomers [18] that highlight the capacity of MCD to help identify the
detailed coordination and geometry of these systems.

The molar extinction of lowest-energy Mn(III) excitations is
characteristically low [11] and in the range of 10–100 M−1 cm−1. This
places them as ~1000× weaker than chlorophyll Qy absorptions in the
visible region. The Mn(III) MCD induced by a 5 T magnetic field is
however, relatively strong, with εL − εR of ~0.1–5 M−1 cm−1 having
been reported [17]. The B term MCD of chl-a in the Qy region using an
applied field of 5 T has a value of [19] εL − εR ~160 M−1 cm−1. The
relative MCD, εL − εR / ε or equivalently AL − AR / A, may be as high
as ~0.1 for Mn(III) excitations but has a value of only ~0.002 for Qy

excitations of chl-a in an applied field of 5 T.
Low-spin ferric cytochromes are known to exhibit a strong C term

MCD signal in the near-IR, peaking in the 1300–1700 nm region. This
band system has been assigned to a heme-to-Fe(III) LMCT process. An
excellent review of MCD in hemoproteins is provided by Cheesman
and Thomson [20]. TheMCD C term εL− εR value in an appliedmagnetic
field of 5 T can be relatively strong, having εL − εR of ~300 M−1 cm−1.
The position and MCD saturation behaviour [21] of this band can be
used to characterise the detailed coordination of the cytochrome
responsible for the absorption and provide complementary information
to EPR data. Although the ~1600 nm range is well outside our primary
area of interest, the broad LMCT cytochrome band system extends to
~800 nm. The low-temperature MCD peak εL − εR of this band is
~100× stronger than that expected for Mn(III) and thus residual MCD
intensity of this band near 800 nmmay be significant.

In a previous paper [2] we have investigated the characteristic PS I
content of PS II core complex preparations in detail. We developed a
fluorescence procedure whereby such contamination could be quanti-
fied. Although it was possible to identify PS II core complexes isolated
from winter-grown spinach that had no measureable PS I content, PS
II prepared from T. vulcanus, even those from recrystallised prepara-
tions, showed some residual PS I content. An additional caveat was
that the precise spectral profile of the PS I species present in any specific
PS II preparation could vary [2].

The main aim of this paper is to help identify potential Mn4CaO5

based absorption(s) in the near-IR region. This necessitates a careful
monitoring of potential overlap of Mn(III)-based transitions with
other absorptions in the near IR. The 700–730 nm DRS in the PS II
reaction centre in spinach cores has been established [1] to have a
ε = 8000 M−1 cm−1 at 705 nm. The DRS has no measureable CD and
has [22] a 5 T B term MCD at 705 nm of εL − εR ~10 M−1 cm−1. This
MCD signal is then of similar magnitude to that anticipated for Mn(III)
transitions at low temperatures. Ferric cytochrome MCD signals at
1.6 K and 5 T exhibit a εL − εR of the order of 300 M−1 cm−1 at
~1600 nm. The corresponding εL − εR value in the 800–900 nm region
may well have a similar MCD magnitude to that of the DRS
(700–730 nm) and that of Mn(III) (700–900 nm).

The ε value of PS I at 710 nm is ~106 M−1 cm−1, with PS I ‘red trap’
Qy absorptions extending to ~740 nm in both spinach and T. vulcanus.
Assuming a PS I contamination level of ~1 mol% of PS I in a PS II core
sample, the PS I contribution to absorption at 710 nm would then
have an apparent ε of ~10,000 M−1 cm−1. The Qy B term MCD at 5 T
from this contamination could then be expected to have an apparent
Qy εL − εR of ~20 M−1 cm−1. This is again of the same magnitude in
low-temperature MCD as the other chromophores in the 700–900 nm
spectral region. Fortunately the PS I ‘red trap’ has a strong and distinc-
tive CD spectrum, which helps to distinguish it from the PS II based
DRS absorption in the same spectral region.

2. Materials and methods

Absorption, CD and MCD spectra were all measured simultaneously
on a dedicated laboratory-constructed spectrometer, based on a Spex
0.75 M monochromator. This system has been previously described
[23,24]. Gratings blazed at 200 nm, 500 nm and 1000 nmwere utilised
in the UV, visible and near-IR regions. End-window photomultipliers
were used in the visible spectral range with measurements in the
750–1100 nm region beingmadewith awindowless, 5mmϕAdvanced
Photonix silicon avalanche diode. The very high quantum efficiency and
low noise of this latter detector have enabled a large increase in MCD
sensitivity of the spectrometer in the near-IR 700–1000 nm region. A
1 mm, liquid nitrogen cooled InSb detector system, together with
condensing optics, was used in the 800–2000 nm range. The spectral
source in the UV/Vis was a laser driven light source and that in the
visible/near-IR region being a highly stabilised 240 W halogen lamp.

A Ti:S laser (Schwartz EO) pumped with a Continuum Verdi G CW
laser operating at 532 nm was used as a near-IR excitation source.
Other critical details regarding the laser light purity and illumination/
sample protocols were as previously described [1]. The construction of
the strain-free fused quartz sample cells utilised has been described
previously [25,24].

The PS I and PS II samples used in this work were also the same or
very similar to those recently used [2] to measure the 780 nm emission
from the DRS. The oxygen evolving capacity of the non-recrystallised
preparations is typically 3000 μmol of O2 (mg chl)−1 h−1 and EPR
multiline signals are readily obtained from the samples [26,27]. Both
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these measurements are indicative of an intact and functional OEC.
Multiline S2 EPR spectra have also been obtained from single crystals
[28].

So as to provide sampleswith high optical transmission, PS I and PS II
preparations were diluted with ~40% (v/v) of a 1:1 (v/v) mixture of
ethylene glycol and glycerol which was performed immediately before
glassing of the sample to liquid helium temperatures over a period of
2 min. The optical characteristics of samples were checked by monitor-
ing the CD spectrumof a solution containing anoptically activematerial,
when placed in the spectrometer beam and in a position where light
had already passed through the low-temperature sample. Typically, no
change in the CD spectrum of optically active material occurred,
establishing the optical integrity of the low-temperature sample.

3. Results

3.1. Illumination dependent spectra of PS II and PS I

Low-temperature (b77 K) visible absorption spectra of PS II cores
are strongly influenced by deliberate and/or accidental illumination
and also by actinic (measurement) light. Specifically, following absorp-
tion by any chromophore that gives rise to excitation transfer to the PS II
reaction centre, the secondary acceptor QA becomes photo-reduced to
form the metastable QA

− anion. Such, photo-reduction is evidenced by
an electrochromic shift of the PheoD1 Qx band near 550 nm (the C550
shift [29]) along with a concomitant oxidation of either a (reduced)
cyt b559 when available, or by the creation of another secondary donor
such as an oxidised chl-a or β-carotene. The quantum efficiency of
low-temperature metastable photo-reduction of QA approaches unity
for a significant fraction of the PS II complexes [1]. The C550 shift can
be used to quantify illumination-induced photo-reduction of the
sample, as is exampled in Fig. 1 of Hughes et al. [1]. The CaMn4O5 cluster
is not available as an electron donor at low temperatures.

As CD and MCD spectroscopy involves the measurement of very
small (AL − AR ~10−3–10−6) circular polarisation dependent
differences in absorption and these measurements inevitably lead to
the sample accumulating a significant actinic response [24]. This accu-
mulated actinic load will induce significant photo-reduction of QA

with concomitant secondary donor formationwhenevermeasurements
aremade in a spectral region that leads to excitation of the PS II reaction
centre. The QA photo-reduction process becomes progressively less
efficient [1] with longer wavelength illumination in the 700–730 nm
region but remains a consideration.

We have previously established [1] a protocol which allows for the
measurement of low temperature PS II absorption spectra with
minimal actinic change of the sample. This involves the use of defocused
measurement light, 12 mm diameter samples with low light scattering
properties, 50 μ spectrometer slits and relatively rapid spectral scans. A
comparison of sequential absorption spectra measured in this
way exhibits minimal differences, corresponding to less than 1%
photoconversion of all QA to QA

− in a single scan.
Fig. 1.Non-actinic overviewabsorption spectra of ~10mg/ml PS II preparation (60%v/v) contain
were 1 mm (green) and 25 μm (black).
Fig. 1 provides an overviewof theUV/Vis (non-actinic) absorption of
a highly concentrated PS II preparation of T. vulcanus, taken at 1.6 K,
measured in both a thin (25 μm) and thick (1 mm) path-length quartz
cells. Spectra were taken with the PS II sample poised in the S1-QA

state, via a 20 min dark adaption at room temperature, followed by
rapid freezing. Care was taken to ensure that the samples received no
illumination in the 200–730 nm region before measurements were
made. If necessary, samples were viewed with night vision goggles
whilst using 800 nm light.

Absorption spectra of the C550 region are only just feasible with our
thick sample, the minimum absorption (occurring at 552 nm) being ~4.
The optical density of the sample at the commonly used excitation
wavelength of 532 nm is 4.6 and the extrapolated value at the 514 nm
Ar+ laser line is 11.1. The extrapolated optical density at the peak of
the Qy (675 nm) is 44. Illumination of such an optically dense sample
with visible light leads to the interior of the sample receiving many
orders of magnitude less light than the side facing the incident light
source.

Our ability to measure accurate absorption spectra of a thick,
concentrated PS II sample having an optical density in the range from
4 to 5 in the 550 nm region may appear surprising. The normal maxi-
mum for measureable optical densities is in the range of ~2–3 for
most samples, due to stray polychromatic light in the spectrometer.
However, a concentrated PS II sample is extremely opaque nearly
throughout the entire UV/Vis region and acts as its own stray light filter
for measurements in the 550 nm window. By using a high sensitivity
detector and the dynamic range available with a lock-in amplifier and
the single beam approach [30], accurate measurements can be made
up to an optical density of 5. This was confirmed by comparing
corresponding spectra of the same preparation taken on samples 5
times thinner.

The 710 nm absorption feature evident in the spectra in Fig. 1
indicates that the PS II sample contains PS I. We had previously deter-
mined the PS I content of similar PS II preparations to be ~0.6 mol%,
using a fluorescence method [2]. This PS I absorption serves to mask
DRS absorption of PS II.

PS I has a strong and distinctive CD spectrum in the 700–740 nm
region. Fig. 2 provides simultaneously-recorded reference absorption,
CD and MCD spectra of purified PS I of T. vulcanus taken at 1.6 K. The
absorption spectrum is in good agreement with that previously
published [31] for the closely related organism Thermosynechococcus
elongatus.

By comparing the calibrated CD spectra of purified PS I (see Fig. 2), to
absorption and CD spectra of the PS II sample used in Fig. 1, the concen-
tration of PS I in this preparation can be determined as 1.6mol%. This PS
I concentration is somewhat higher than the value in a similar non-
recrystallised preparation used previously, which was 0.6%. This overall
level of PS I concentration was confirmed by utilising the fluorescence
method [2] and is an inherent feature of these preparations.

The CD spectra in the 700–740 nm range of the purified PS I sample
and the PS II sample have the same distinctive spectral profile,
ing 1.6 mol%PSI in 40%v/v 1:1 ethylene glycol:glycerol cryoprotectant at 1.6 K. Pathlengths



Fig. 2. Calibrated absorption, CD and 5 T MCD spectra of PS I prepared of T. vulcanus at 1.6 K.
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establishing that any PS II based CD in this region is indeed small. This is
entirely consistent with the fact that for spinach preparations contain-
ing b0.05 mol% PS I, the 700–730 region has no observable CD. In the
cyanobacterial sample, subtraction of PS I based absorption, as
determined from the amplitude of the characteristic PSI, from spectra
of PS II preparation containing 1.6% PS I, allows the residual DRS PS II
absorption in the 700–730 nm region to be determined. Fig. 3 shows
that T. vulcanus PS II exhibits a DRS red tail, with ε ~8000 M−1 cm−1

at ~703 nm. The feature is very similar to that reported for spinach PS
II [1]. The (positive) CD remaining after the PS I component is subtracted
peaks near 682 nm associated with the proximal antenna CP47. We
were not able to observe any CD attributable to the DRS.

The MCD of the DRS can also be determined by subtraction of that
MCD component due to PS I. The DRS has positive B term MCD with
εL − εR ~18 M−1 cm−1 at 703 nm and 5 T, analogous to that seen
for spinach PS II [22].

Only relatively small amounts of recrystallised PS II from T. vulcanus
are available. As noted previously [2], the recrystallised material has far
less PS I, but the residual PS 1 particles present have different spectral
characteristics to that of purified PS I as seen in Fig. 2. By contrast, the
PS I present in the non-recrystallised PS II preparation appears to be
essentially identical in emission, absorption, CD andMCD characteristics
to that of our purified PS I. Quantitative correction for contamination
with well defined PS I in non-recrystallised PS II preparations has the
significant advantage that the non-recrystallised material can be more
highly concentrated, has less optical scatter and is available in the
volumes needed for high sensitivity MCD measurements in the near-
IR region.

As well as retaining a significant amount of PS I and perhaps other
proteins with variable spectral characteristics, we have found that
recrystallised PS II samples exhibit some minor spectral characteristics
that differ to those of the non-recrystallisedmaterial. The Supplementa-
ry data (Fig. S1A) show that the cyt b559 present is approximately 80%
oxidised compared to the non-recrystallised material. In this way the
recrystallised T. vulcanus core complexes resemble spinach core
complexes, in which the cyt b559 is fully oxidised. Except for relatively
minor details, the recrystallised cores were found to perform the same
overall photo-reduction and other processes and exhibit the same
spectral features as seen in the non-recrystallised preparation.
Fig. 3. Far-red absorption, CD andMCD spectra at 1.6 K of the T. vulcanus PS II preparation used i
PS I absorption, as scaled by the strong CD feature at 710 nm (Fig. 2), has been subtracted.
Using the CD calibration of the PS I content outlined above, the
absorption spectrum of the un-recrystallised material can be quantita-
tively corrected for the PS I content (Fig. 3). When this correction is
made and the spectrum compared to that of recrystallised PS II samples,
their absorption profiles can differ markedly in the Qy region, especially
around 690 nm (Fig. S1B). The increased absorption in the long wave-
length spectral region seen for one recrystallised sample (b) is likely
to be responsible for the unexplained tailing emission previously
observed in this particular PS II sample [2]. Illumination experiments
(see Supplementary information) establish that absorption changes in
recrystallised sample (b) are not entirely related to the DRS. Overall,
measurements on the non-recrystallized PS II preparation, once
corrected for PS I content, were found to provide the most consistent
results.

The DRS red tail in spinach PS II exhibits a 40% drop in absorption in-
tensity upon photo-reduction of QA

− associated with low-temperature
illumination [32]. This phenomenon is also observed in T. vulcanus.
Direct excitation into the DRS in the 700–730 nm region leads to
photo-reduction of QA. In spinach PS II, a ~45% conversion to the QA

−

was achieved by absorption of ~1 J/cm2 at 720 nm (Fig. 1 of [1]). Fig. 4
reproduces this result for T. vulcanus. The main difference is that in
T. vulcanus the (reduced) cyt b559 serves as a preferred secondary
donor, leading to the bleach feature at 557 nm.

The Supplementary information (Fig. S3A, B and accompanying text)
explores PS I based near-IR absorption andMCD as well as low temper-
ature illumination-induced absorption changes of PS I when using the
same illumination protocols as utilised for PS II samples. In the
690–850 nm region, absorption and MCD due to P700+ near 810 nm
is quantified. These data establish that illumination-induced absorption
changes seen for the 700–730 nm region are associated with the DRS
of PS II and are not associated with any PS I content of the non-
recrystallised PS II preparation (Fig. 3).

3.2. Near-IR absorption and MCD

In the previous sectionwe established that T. vulcanus exhibits a DRS
in the 700–730 nm region having properties that are analogous to
those seen for spinach. As discussed above, high-sensitivity MCD mea-
surements at wavelengths shorter than 730 nm may be affected by
n Fig. 1. Also shown is the absorption, CD andMCD component due purely to PS II once the

image of Fig.�2
image of Fig.�3


Fig. 4. The blue and black traces are absorption spectra at 1.6 K of the concentrated, non-
recrystallised (~6 mgs/ml after dilution with 1:1 (v) ethylene glycol/glycerol) T. vulcanus
PS II sample in a 200 μm pathlength cell, before and after illumination with broadband
green light, leading to N90% photoreduction of QA. The green trace is the difference
spectrum displaying the characteristic C550 shift. Analogous results have been published
for T. elongatus [34]. The red trace is the corresponding difference spectrum after laser
illumination at 720 nm in a 1 mm pathlength cell. The difference is scaled by the relative
path-length of the two cells. The absorbed fluence by the DRS of PS II was ~1 J/cm2. The
~50% photoconversion seen using 720 nm light reproduces the corresponding experiment
in spinach, as seen in Fig. 1 of ref [1].
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measurement light. Specifically, photo-reduction of QA leads to reduced
DRS absorption and its related MCD in the 700–730 nm region. Each
spectral scan would then serve to accumulate changes in absorption
and MCD spectra, prohibiting accurate measurements.

In Fig. 5 we show high-sensitivity, field and temperature dependent
MCD spectra of the dark-adapted, 1mm thick PS II sample seen in Fig. 1,
for the 730–900 nm region. Care was taken to avoid illumination at
wavelengths greater than 730 nm. The visible spectrum (Fig. 1) was
taken with very low incident light levels, so as to eliminate actinic
effects.

Each MCD trace in Figs. 5 and 6 was determined by recording a
spectrum with an applied field of 5 T and then subtracting the
corresponding spectrum recorded with a−5 T applied field and subse-
quent division by 2. This procedure removes baseline effects that are
associated with the intrinsic polarisation response seen whenever a
semiconductor diode is utilised as a MCD detector. Semiconductor
detectors have the advantage of being not significantly influenced by
stray magnetic fields, as are photomultipliers.

We have found that MCD spectra taken from differing samples at
different times were entirely reproducible, with the caveat being that
small (AL − AR ~1–5 × 10−5) but unpredictable offsets of the entire
MCD spectrum occurred. These offsets were due to microscopic move-
ments of the sample, relative to the measurement beam. These
Fig. 5. The temperature and field dependent MCD (r.h. scales) of the ~6 mg/ml, 1 mm thick T.
indicated. Each MCD spectrum is the average of spectra taken positive and negative applied fie
relax to the S1 state and subsequently not illuminated at wavelengths less than 730 nm. The a
movements arose when the superconducting magnet was either
energised or de-energised. Analogous offsets could be introduced by
making very small but deliberate translations of the sample/magnet-
cryostat relative to the measurement beam.

The presence of minute offsets of this nature would normally not be
a problem inMCD spectroscopy, as it would suffice to refer to a spectral
region having no MCD signal and simply calibrate the various offsets at
this point. The difficulty in the current case is, from the temperature and
field dependent data seen in Fig. 5, there is no region in the entire range
that does not exhibit an MCD signal.

A detailed comparison of all the field and temperature dependent
spectra in the 860–900 nm region for a given sample establishes that
MCD spectra maintain the same spectral shape in this region. This
indicates that the MCD in the 860–900 nm region is dominated by
cytochrome LMCT transitions (see introduction Fig. 7). Thus the relative
amplitudes of cytochrome-related MCD spectra can be determined, via
the multiplicative factor connecting the common spectral feature (in
our case a rising tail). This procedure leaves only a single undetermined
offset parameter.

A comparison of the relative amplitudes of the 860–900 nm MCD
recorded at various fields and temperatures with the saturation curve
of a cytochrome-c oxidase which exhibits an LMCT band at 1564 nm
[33], show good agreement. We can then use the cytochrome-c oxidase
saturation curve [33] to estimate the remaining offset parameter. This
leads to the offset-corrected spectra shown in Figs. 5 and 6.

The temperature dependence and field dependence seen in Fig. 5
identify the positive-going and temperature independent MCD feature,
also prominent in absorption spectrum of the 730–740 nm region, to be
aMCD B term. From its sign andmagnitude and by referral the PS IMCD
spectra in Fig. 2, this component can be attributed to the PS I present in
the sample. There is PS I-based near-IR absorption and MCD associated
with P700+ at 810 nm (Supplementary Information Fig. S2A, B).
However, these signals are very weak and do not contribute significant-
ly to the MCD seen in Fig. 5.

The MCD in the 860–900 nm region shows reciprocal absolute
temperature dependence (i.e. varies as 1/Temperature) above 10 K
and has strong saturation behaviour at 1.6 K when approaching an
applied magnetic field of 5 T. As discussed in Section 1 Introduction,
oxidised cytochromes have a broad charge transfer band peaking near
1600 nm which exhibits such MCD C term behaviour [20].

The r.h. panel of Fig. 6 shows the low-temperature MCD, in the
800–1800 nm region, of a spinach PS II core sample. Spinach cores
have cyt b559 fully oxidised and the MCD seen peaking at 1530 nm, is
very similar to other oxidised low-spin cytochromes [20]. The l.h.
panel of Fig. 6 shows the 730–900 nm temperature dependent MCD.
The scale used in this figure, relative to Fig. 5, compensates for the fact
that the spinach sample is approximately 2.5 times less concentrated
than that for T. vulcanus. The B term behaviour of residual PS I is evident,
vulcanus PS II sample reported in Fig. 1 are presented above at the temperatures and field
lds and offsets have been adjusted (see text). The sample was dark adapted for 20 min to
bsorption spectrum (l.h. scales) is the dotted line.

image of Fig.�4
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Fig. 6. The left hand panel shows temperature dependentMCD spectra of a ~2.4mg/ml chl-a PS II sample of spinach containing ~2mol% PS I in a 1mmpath-length cell. The corresponding
absorption trace was featureless and is not presented. The r.h. panel shows absorption (l.h. scale) and MCD (r.h. scale) at 5 T and 1.6 K extended to the 800–1600 nm region. Each MCD
spectrum is the generated by subtracting spectra taken at 5 T and -5 T.
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extending to ~760 nm for this PS II spinach sample. Temperature
dependent MCD is seen near ~770 nm, but signal-to-noise suffers
from lower the lower signal strength of a more dilute sample (see
above). The positive MCD C term behaviour near 900 nm is similar to
that seen in T. vulcanus (Fig. 5), albeit weaker.

T. vulcanus has two low-spin cytochromes; cyt c550 and cyt b559. In
the native state, cytc550 is oxidised and cytb559 reduced. In preparing
PS II core complexes, a fraction of cyt b559 can become oxidised.
Furthermore, cyt b559 can be easily photo-oxidised at low temperatures
(Fig. 4). Fig. 7 shows the long-wavelength absorption and MCD of a
T. vulcanus sample having a large fraction of the cyt b559 reduced. The
second panel of Fig. 6 shows the characteristic MCD C term temperature
dependence of oxidised low-spin cytochromes seen in the 800–1800 nm
region. This band arises largely from cyt c550, as cyt b559 ismostly reduced
in the non-illuminated sample.

Supplementary information (Fig. S3 and related text) examines
absorption and MCD near-IR spectral changes upon low temperature
illumination of the sample, leading to cyt b559 photo-oxidation. Differ-
ence spectra provide the MCD of photo-oxidised cyt b559. Estimates of
its absorption are also provided. These spectra also show absorption
near 980 nm due to the creation of a small amount of β-carotene+ via
the illumination.

The MCD of cyt c550 (Fig. 7) peaks at 1535 nm and is somewhat
narrower (~90 nm FWHM) than the cyt b559 1530 nm peak of spinach
with FWHM of ~130 nm (Fig. 6). The MCD of photo-oxidised of cyt
b559 in T. vulcanus (Fig. S3) peaks at 1525 nm and is also narrow with
FWHM ~70 nm.

Significantly, the cytochrome-basedMCD spectra in Fig. 7 all extend
to ~830 nm. They exhibit well-defined, C term (reciprocal) temperature
dependence. This is in contrast to the more complex temperature and
field dependent MCD spectra in the 730–800 nm region (Figs. 5, 6).
The MCD feature at 770 nm reduces in magnitude more rapidly with
increasing temperature than the dominantly cytochrome tail in the
860–900 nm region. There are also indications of another band system
near 800 nm in Fig. 5, having field and temperature dependences
Fig. 7. The left hand panel shows absorption (l.h.scale),MCD (r.h.scale), averaged for positive an
applied field of 5 T without baseline subtraction. The sample was the same non-recrystallised
somewhat different to that for the 770 or 900 nm regions. Spectra
taken from spinach PS II (Fig. 6) are analogous but less distinct in the
750–900 nm region, due to ~2.5× lower sample PS II concentration
here and somewhat poorer optical quality of this sample.

Weak absorption features appear at ~760 nm and ~800 nm (Fig. 4).
These features are not evident in spectra of samples containing cryopro-
tectant and buffer only. They are assigned as vibrational overtones
associated with the protein. Similar features are seen in concentrated
PS I samples and are thus are not specific to PS II. There appears to be
no absorption feature corresponding to the (negative) MCD peaking at
770 nm. A more detailed examination of the absorption in this spectral
region (Supplementary information Fig. S4) allows us to estimate an
upper limit to themolar extinction of any underlyingMn(III) absorption
near 770 nm to be b30 M−1 cm−1.
4. Discussion

4.1. The deep red state (DRS)

Wehave been able to show that the DRS, as evidenced by absorption
in the 700–730 nm region, has very similar properties in T. vulcanus as
to that seen in spinach. It has been previously reported [34] that long
wavelength illumination of T. elongatus PS II samples did lead to charge
separation and subsequent QA

− formation but a quantification of the
process requires a DRS absorption spectrum. The DRS absorption was
masked by PS I absorption in the PS II T. elongatus preparation. In this
paper, we have had success in accurately quantifying the PS I content
at the ~1 mol% level via CD spectroscopy when the PS I present as a
contaminant has the same spectral characteristics as that of purified
PS I. This process has allowed quantification of the DRS. It has been
demonstrated that the absorption characteristics of the PS I red trap
region vary depending on whether PS I is in the form of a monomer or
trimer [31]. Low temperature CD spectra of monomers and trimers of
T. vulcanus would be useful, but our ability to quantitatively account
d negative applied field of 5 T. The r.h. panel shows the temperature dependentMCD in an
PS II preparation as used in Fig. 5 but in a 200 μm pathlength cell.
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Table 1
Low temperature near-IR absorption and MCD of PS II and PS I.

Organism Excited state λ
nm

ε
M−1 cm−1

(εL − εR)
M−1 cm−1

@ 5 T & 1.6 K

(εL − εR) / ε

Spinach
PS II Qy peak 670 2.2 × 106 620 0.0028a

PSII DRS 705 8000 20 ~0.002b

PS II Mn(III) S1 770 b30 −5 –

LMCT cyt b559 1530 – 120 –

PS I Qy peak 676 9.8 × 106 – –

PS I red trap 710 0.8 × 106 – –

T. vulcanus
PS II Qy peak 679.5 2.6 × 106 600 0.0023
PSII DRS 703 8000 16 0.002
PS II Mn(III) S1 770 b30 −5 N0.1
LMCT cyt b559 1525 b1000 ~250c N0.1
LMCT cyt c550 1535 – ~250c –

PS I Qy peak 679.6 5.5 × 106 1590 0.0029
PS I red trap 710 0.9 × 106 105 0.0013
P700+ 810 7500d 1.8 0.003

ε and εL − εR values are accurate to an estimated ±5–10% (see text).
a Ref. [51].
b Ref. [22].
c See supplementary Fig. S3 and related text.
d Ref. [52].
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for PS I in PS II cores via CD spectra indicate that PS I is in the same
form(s) as in the purified PS I sample.

The data accumulated in Table 1 show that the absorption, CD, MCD
characteristics of the DRS in spinach and T. vulcanus are essentially the
same. Additionally, the efficiency of photoconversion at 720 nm and
the 40% drop in intensity of the band upon QA

− formation are also the
same (Fig. 4). In a recent paper [2] we have shown that both the plant
and cyanobacterial samples exhibit a broad emission, originating from
the DRS, peaking at 780 nm.

We note that a long-wavelength absorption has been recently
proposed [35] for PS I in a number of organisms. It was shown that
low temperature excitation at wavelengths far longer than 750 nm
leads to PS I charge separation, as evidenced by a bleach of P700 and
the creation of P700+. There were other similarities to the DRS state
in PS II. The efficiency of the photo-induced process decreased at longer
wavelengths, as did the lifetime of the radical produced.

We have seen P700+ creation via 720 nm illumination at 1.6 K
(Supplementary Fig. S2B) in a PS I sample of T. vulcanus, a result that
is consistent with the phenomena reported [35] for T. elongatus. It
would be possible to apply our non-actinic absorption technique to
the near-IR region and quantify the absorption responsible for photo-
chemical activity in PS I, in the same way that has been achieved for
PS II.

It has been reported that the DRS in spinach, in marked contrast to
Qy bands of chl-a, does not exhibit spectral hole-burning [22,36–38],
as do the lowest energyQy states in CP43 andCP47. Thiswas a key result
in allowing us to assign the DRS as a homogeneously broadened charge
transfer band involving two chl-a's in electronic contact. Similar spectral
hole-burning experiments in PS I beyond 742 nm (the limit of red trap
Qy absorption in T. vulcanus as shown in Fig. S2B) could also be
informative.

It is clear that more theoretical calculations on charge transfer states
in photosynthetic systems are warranted. The early theoretical work
[39,40] on the closely coupled special pair in the bacterial reaction
centre indicated the possibility of optical charge transfer states, but little
work seems to have been performed since then.

4.2. Cytochrome charge transfer states

Table 1 summarises the near-IR properties of cyt b559 in both spinach
and photo-oxidised cyt b559 in T. vulcanus, as well as that of cyt c550 in
T. vulcanus. The MCD is characteristic of the LMCT excitation associated
with electron transfer from the cytochrome heme to low spin Fe(III).
The MCD peaks near 1530 nm but extends to ~800 nm. The recognition
of the high energy reach of the LMCT band(s) has been critical in the
identification of Mn(III)-based MCD in the 730–850 nm region.

Oxidised cytochromeMCD signals are stronger in T. vulcanus than in
spinach for a number of reasons. Firstly, cyt c550 is oxidised in the native
T. vulcanus preparation and thus will always appear in the near-IRMCD.
Secondly, although cyt b559 is largely reduced in the best PS II core
preparations, the MCD of (photo)-oxidised T. vulcanus cyt b559 is more
than twice as strong as that for oxidised cyt b559 in spinach (Table 1).
Also LMCT bands in T. vulcanus are slightly blue shifted (Table 1)
compared to the (fully oxidised) cyt b559 present in spinach PS II core
complexes and thus serve to interfere with the Mn(III) signals more
effectively.

Measurements of the near-IR MCD characteristics of oxidised
cytochromes are a natural partner to EPR spectroscopies.MCDmeasure-
ments can clearly be used to further study the various (high-potential,
low-potential forms [41]) of oxidised cytochromes in PS II, as the signals
are strong and the methodologies well established. However in this
study, the main focus is to identify Mn(III)-based excitations of the
Mn4CaO5 cluster.

4.3. Quantification and assignment of near-IR Mn(III) states

The identification of optical absorptions in the 700–900 nm range
that give rise to Mn4CaO5 based photochemistry in PS II has been a
long-standing challenge, largely due to the low absorption strength of
the transitions involved. It is now evident that Mn(III)-related
absorptions are bounded by DRS absorption to higher energies and
oxidised cytochrome absorptions to lower energies. Additionally, PS I
present in PS II preparations also interfere.

TheMCD technique offers away to both detectweakMn(III)-related
transitions and also to discriminate between the various excitations
present in the near-IR. We have been able to identify MCD B terms
associated with the DRS and Qy excitations of contaminating PS I in
the 700–740 nm region as well as MCD C terms associated with LMCT
excitations of oxidised cytochromes in the 800–1600 nm region.

Figs. 5 and 6 serve to show that MCD here has a continually varying
behaviour throughout in the 700–900 nm region. The 860–900 nm
region is dominated by cytochrome LMCT transitions. The precise
form of the saturation behaviour [21] for an oxidised cytochrome,
which is an anisotropic odd electron paramagnet, depends on its gx, gy
and gz values and additionally on the magnitude and relative orienta-
tion of the anisotropic transition dipoles involved. This dependence on
the transition moments means that different optical transitions of the
same cytochrome display different saturation curves [20].

A precisemeasurement of LMCT saturation behaviour could bemore
easilymade at the peak of theMCD (near 1530nm), as theMCD signal is
much stronger there and thus less prone to the type of offset difficulties
mentioned in previous sections. However the precise form of MCD
saturation behaviour determined at the 1530 peak of T. vulcanus may
not be fully transferrable to the 860–900 nm region as a cytochrome
LMCT band is itself composite [42] of excitations involving two different
heme orbitals. Additionally the relative contribution of cyt c550 and cyt
b559 differ at differing wavelengths (Fig. S3, Table 1).

The temperature and magnetic field dependence of the MCD near
770 nm is clearly complex and distinct to that seen for the
860–900 nm region. The behaviour points to the highly variable MCD
saturation behaviour exhibited by even electron paramagnets [14].
There is a sharp drop of MCD at higher temperatures, exceeding the C
term 1/Temperature behaviour exhibited by the cytochromes. In some
situations for an even electron paramagnet, an increasing magnetic
field can lead to a decrease in MCD intensity. Additionally, the four
Mn(II)/Mn(III)/Mn(IV) centres present in the OEC are magnetically
coupled, as evidenced by EPR spectroscopies [43–45]. MCD spectra are
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significantly influenced by such couplings [46]. These dependencies
point to the potential of near-IR MCD providing a new window on the
nature of the OEC.

4.4. Alternative assignments

The possibility that the 770 nm MCD feature seen is due to a
Mn(III)-Mn(IV) mixed valence excitation is contraindicated by the
large εL − εR / ε exhibited by the band, as well as its relatively
narrow bandwidth. Mixed-valence transitions are characteristically
linearly polarised, which leads to vanishingly small MCD [13]. By
contrast, d–d transitions have inherently large values of εL − εR / ε.

Based on the established relationship between the spectral width
of a localised homo-nuclear mixed-valence band and its band position
[47], a mixed-valence band at 770 nm would be approximately
5500 cm−1 wide whereas the observed linewidth is closer to 500 cm−1.

There are two further paramagnetic species in PS II which could
potentially contribute to temperature dependent MCD in the near-IR
region. Firstly, the non-heme iron of PS II is an effectively octahedral
[48] Fe(II) species with a high-spin d4 configuration. This will exhibit a
spin-allowed 10Dq band in the near-IR region. The detailed study [49]
of a range of non-heme Fe(II) species has shown that their MCD is
weak and positive (~1 M−1 cm−1 at 5 T and 1.6 K), peaking near
800 nm for octahedral species. Thus the non-heme Fe(II) in PS II is not
responsible for the stronger (and negative) MCD near 770 nm, but
may be associated with weaker MCD features near 800 nm.

Additionally, it has been suggested [50] that a d–d transition of an
unusual, highly distorted Mn(IV) species may be responsible for the
absorption associated with near-IR induced photo-activity seen in EPR
spectra of the S3 state.Whilst not immediately relevant to ourmeasure-
ments taken with the S1 state, near-IR MCD measurements of PS II
poised in the S3 state promise to provide a more definitive assignment
of the chromophore responsible for this photo-activity.

4.5. Future developments

At this stage, a quantitative analysis of the data and subsequent
modelling of the Mn(III) geometries and magnetic couplings within
the Mn4CaO5 cluster, via an analysis of the MCD and its field and
temperature dependence is not viable, not so much now by absolute
sensitivity issues, but by the offset problem associated with minute
magnet energization-induced sample movement discussed in previous
sections. This problem is currently being addressed by re-engineering
the magnet cryostat enclosure using non-magnetic materials and with
improvements to the optics.

Our experiments are reported for the S1QA dark-adapted state of PS
II. It is important to be able to compare thesemeasurements with those
made in the higher S states, as well as their related near-IR illuminated
variants. We have attempted to make measurements on PS II poised in
the S2QA

− state, as created by illumination of the sample at 250–270 K
via illumination with green light from a halogen lamp. These experi-
ments did show a reduction in MCD in the 770 nm region but the
experiment was hampered by fogging of the sample that occurred
when warming the sample to these temperatures. The cloudiness of
the sample not only dramatically reduced transmission of the sample
also served to depolarise the incident measurement light.

It is preferable to create PS II core samples poised in the higher S
states by using saturating 5 ns laser pulses at 532 nm at ambient
temperatures, followed by rapid freezing of the sample. Our thick,
concentrated samples have high optical density at 532 nm and a high
energy (N200 mJ) pulse(s) is/are required to provide a satisfactory
yield of a higher S state(s). This requires an upgrade of our current
YAG laser. An illumination system that enables the conversion anoptical
sample to higher S states via high-energy YAG pulses, whilst securing
the optical cell in the dry helium environment of the sample lock of
the superconducting magnet cryostat is also being constructed.
We envisage being able to generate a set of accurate field and
temperature dependent MCD spectra for each sample. These can then
be used to construct a saturation curves for each wavelength region.
An analysis of this family of saturation curves will then indicate the
contribution at each wavelength of chl-a/Mn(III)/Fe(II)/cytochrome
excitations. The MCD of each Mn(III) MCD in each S state can then be
modelled to provide information on its geometry, ligation andmagnetic
coupling within the CaMn4O5 cluster.

5. Conclusions

We have shown that the properties of the DRS absorption as seen in
the 700–730 nm region are essentially the same in spinach and T.
vulcanus. Consequently, the DRS is likely to be similar in most plants
and cyanobacteria. With the very recently reported [35] phenomenon
of a similar charge transfer band in PS I, the function as well as signifi-
cance of low energy charge transfer states in oxygenic photosynthesis
needs to be addressed, both theoretically and experimentally.

The LMCT transitions of oxidised cytochromes in PS II have been
identified and quantified, via their MCD spectra, as extending through
the entire 800–1600 nmregion.Most interestingly, the optical signature
of anMn(III)-based absorption near 770 nmhas been identified via low
temperature MCD. A corresponding absorption in this region is
estimated to have a molar extinction less than ~30 M−1 cm−1. On the
basis of the low absorption strength and the relatively high MCD
strength of −5 M−1 cm−1 at 1.6 K and 5 T, the transition is assigned
as a dz2 → dx2-y2 process, in analogy to a comparable low energy feature
in oxidised manganese catalase [15].
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