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Abstract

Research in photosynthesis encompasses a wide array of complex and interconnected
processes, requiring the incorporation of concepts from physics, chemistry and

biology.

This thesis contributes to the understanding of photosynthesis by using low
temperature optical spectroscopy to study Photosystem Il (PSIl) and Photosystem |
(PSI). These two catalytic protein complexes are responsible for splitting water to
provide electrons for the photosynthetic process, and transferring these electrons

across the thylakoid membrane, respectively

These enzyme complexes provide a particular challenge for optical spectroscopy as
they contain large numbers of chromophores with overlapping absorption bands,
which require a combination of optical techniques to separate out. In this work, the
techniques of absorption, fluorescence, Circular Dichroism (CD), Magnetic Circular

Dichroism and electrochromism have been used to study these enzymes.

This thesis has two main themes: the direct observation of the optical spectroscopic
properties of the Oxygen Evolving Complex (OEC) in Photosystem Il (Publications 1 and
4) and the location of far-red absorbing chlorophylls in PSIl and PSI of a red-light

adapted cyanobacterium (Publication 2 and 3)

The OEC of PSIl is the tetramanganese cluster where electrons are extracted in a
stepwise fashion from water, resulting in the release of oxygen. In this process, the
cluster passes through four metastable S-states. In Publication 1, variable temperature
and variable field (VTVH) MCD is used as a tool to identify the spectrum of each S-state

in an optically transparent window in the region of 720-800nm.

Low temperature MCD spectra of this region shows a series of sharp peaks that are S-

state dependent. These features were assigned to a series of Mn(IV) 4A -> 2E “spin



flip” transitions. These spectra and their associated assignments provide a new

perspective on the electronic and magnetic structure of the OEC.

Publication 4 follows on from 1, focusing on the two sub-forms of the S2 state of the
OEC. A combination of EPR and MCD enables the identification of these two states as

being redox isomers and give insight into the mechanisms of water oxidation.

Chroocooccidiopsis thermalis is an extremophile cyanobacteria that can grow in hot
and dry conditions. When grown under red-light conditions, this cyanobacteria can

produce red absorbing chlorophylls d and f, along with chlorophyll a.

In Publication 2, using a range of biophysical techniques, including low temperature
optical spectroscopy, we clearly establish that these red absorbing chlorophylls play a
key role in both PSI and PSII and are not just as long wavelength light harvesting
pigments as previously reported. Specifically, charge separation in PSl uses chlorophyll
f at 745nm and PSII uses chlorophyll d or f at ~727nm. The organism is shown to be
able to perform photosynthesis with lower energy light than previously thought

possible.

Publication 3 is an extension of Publication 2 where the location and function of the
red absorbing chlorophyll at ~727nm of PSIl in C.thermalis is further investigated.
Modelling of low temperature spectroscopic data, CD and electrochromism in
particular, yields more information about the location of this pigment within the PSI|
complex. Previously, Chlp: was assigned as the most likely candidate for the primary
donor. However, the analysis in Publication 3 favours Pp; as the primary donor. This
unexpected result requires further experimentation and calculational studies to

verify.

This thesis shows the strength of applying multiple spectroscopy techniques to
complex biological systems and how such data can be used to extract information

about both the structure and function of these proteins.



List of Abbreviations

6803

A

A

AL/Ar

Allo

A. marina

ATP

AA

CD

Chl

C.Thermalis

Cyt

DRS

Fex

FRL

Glassing agent

MCD

NADP(H)

oD

vi

Synechocystis sp. PCC 6803

Angstrom (0.1 nanometers)

Absorbance

Absorbance of left/right circularly polarised light
Allophycocyanin

Acaryochlorous marina

Adenosine triphosphate

Differential absorbance

Circular Dichroism

Chlorophyli

Chrococcidiopis thermalis

Cytochrome

Deep Red State

Ferredoxin

Far Red Light (700nm or longer)

Glycerol or 1:1 glycerol and ethylene glycol
Magnetic Circular Dichroism

Nicotinamide adenine dinucleotide phosphate
(Reduced)

Optical Density



vii

OEC Oxygen Evolving Complex

Pheo Pheophytin

PQ, PQH: Plastoquinone, Plastoquinol

PsbV PSII extrinsic protein containing Cytochrome Csso
PSI Photosystem |

PSII Photosystem I

P680 PSII primary donor

P700 PSI primary donor

Qx Plastoquinone (PSII)

RC Reaction Centre

T. Vulcanus Thermosyneccocus vulcanus

T. Elongatus Thermosyneccocus Elongatus
VTVH Variable Temperature, Variable Field

WL White Light



viii

Table of Contents

=Tl = =1 () o U PP i
ACKNOWIEAZEMENTES ....oueeircrcrries s ii
1] = Vot PPN iv
TS 0T 2 0] o) A A L 10 o T vi
Table Of CONTENLS ... viii
Chapter 1 Introduction to PhotoSynthesis......ninnesssessssssesssessenes 1
1.1  Overview of Oxygenic Photosynthesis: ... 2
1.2 Structure and function of Photosystem Il ... 3
1.2.1 Electron transport in Photosystem IL......nnn: 4
1.2.2 The oxygen evolving COMPIEX ... sessesseens 6

1.3 Structure and function of Photosystem [..........ons 9
1.4  Pigments of the reaction centres of photosynthesis.......ccconrrenenenenne 11
1.4.1 (00010} /0] ] 117 | ST 11
1.4.2 L0150 T=) ol o) ¥ 400 1S 1 o 13

1.5  The evolution of photoSynthesis........ounn s 16
1.5.1 Organisms mentioned in this WOTK ... 18
Chapter 2 Theoretical BaCKground.......ccooeremerenenerenenenessesessessessessessessessessessessessesens 19
2.1 Low temperature SpeCtroSCOPY ... 20
2.1.1 Y= LTt 10 110 ot (=TT 23
2.1.2 Spectral line Widths ... 24
2.2.1 Spectroscopy of ChloTOPhYIL ... 26
2.2.2 Optical Spectroscopy of Photosystems [ and IL........ccccovncenineerernnnnn. 28
2.2.3 “d-d spin flip” tranSitions ... 30

P28 TR 21 U<Totn /0T o1 10300 ) oo 0O ST 31
24.1 Circular Dichroism and Magnetic Circular Dichroism........ccccovoveneneenes 32
2.4.2 Circular dichIrOISIM ... 32
2.4.3 Magnetic circular diChroiSIm ... 33
Chapter 3 Technical and Experimental ... 40
3.1  The SPectromMeter SYSTEIM ....cvireureereerrerersessersess s sesssessssssssessssans 41
3.1.1 Absorption configuration ... sessessessessessessenns 41
3.1.3:  Fluorescence cOnfiguration .......eenerenssnesnesssssssessesssssssssessssans 43
3.1.4 LIGNE SOUTCES: ..ottt 43
3.1.5 The deteCLOTS: . nas 44

3.1.6 BN TSI 021 0 11<) or= U 45



ix

120778 05 ) 1] | TP 46
3.3.  Samples and sample handling........ccmmne: 48
3.3.2 Sample cell deSIGNS ... 50
3.3.3 Sample glassing and hydrophobic coating: ... 52
Chapter 4 Mn(IV) d-d “spin flip” transitions in the near infrared Magnetic
Circular Dichroism spectra of PSIL ... 57
411 Introduction to PUblication 1 ... 58
4.1.2. Key findings from Publication 1 ... 59
30 0 A2 Vo o D (0] 105 0 (o) o X 59
4.2  Statement of CONTIIDULION .....veieeceeriereerereeret e sses s 61
TG TR S 0101 8 Uor: Un (o) s U PO oo OO 62
Chapter 5 Photochemistry beyond the red limit in chlorophyll f-containing
PROTOSYSTEIMIS ) uueuiiuricereirisesessesssses s 73
51.1 Introduction to Publication 2 ... 74
5.1.2 Key findings from Publication 2 ... 74
5.2 Declaration of CONtribULION ... sessesseseens 75
5.3 PUDLCAtION 2.ttt sss s ssssnssses 76
Chapter 6 The primary donor of far-red photosystem II: Chlp1 or Pp2? .....cccovuuunee. 80
6.1.1 Introduction to Publication 3 ... 81
6.1.2 Key findings from Publication 3 ... 81
6.2  Declaration of CoOntribUtioN .......coerereerereereneeresesesesesee e sesseesesseesesssees 83
6.3 0L 0] 107U (0] 4 S 2T 84
Chapter 7 Redox isomerism explains the two forms of the S2 state of Nature’s
water SPIEING CAtAlYSE ... nennaes 93
7.1.1 Introduction to PUblication 4 ... 94
7.1.2:  Key findings from Publication 4 ... 94
7.2 Statement of CONtIIDULION ...t senenes 96
8 TR S0 1o o=V (o) s U P 97
Chapter 8 APPENAIX ... sssssssssssssssssseses 106
8.1 References for introductory Chapters....... s 107
9.3 Supplementary to PUblication T.......nnncnecseeseeseeseesesseeseesesseens 110
9.4  Supplementary to Publication 2........cvnemenennenesseesssesessesssssessessens 133

9.5  Supplementary to Publication 3. 140



Chapter 1

Introduction to Photosynthesis



Chapter 1: Introduction to Photosynthesis 2

1.1  Overview of Oxygenic Photosynthesis:

The evolution of oxygenic photosynthesis profoundly changed the planet leading to
the development of multicellular life and an oxygen atmosphere. The key enzyme
complexes behind the light driven process are Photosystem | and Il. These enzyme
complexes efficiently convert light into chemical energy using common metallic
elements as catalysts. If this process could be artificially replicated then it could

provide a reliable supply of clean energy.

Photosystem Il is responsible nearly all the oxygen atmosphere and the evolution of
complex multicellular life. Oxygenic photosynthesis first evolved in cyanobacteria. In
organisms such as plants and seaweed photosynthesis occurs in organelles known as
chloroplasts. These organelles were originally cyanobacteria that were absorbed by a
larger eukaryotic cell and eventually full incorporated into it. This process is known as

endosymbiosis and is covered in more detail in Section 1.5.

While the general processes behind photosynthesis are well understood, delving into
the details provides abundant topics for ongoing research. Of particular interest is the
precise mechanism involved in splitting water in Photosystem Il.

NADP H NADPH ATP Synthase

Stroma Ferredoxin-NADP
Reductase

ATP

Cytochrome

Plastocyanin

=

“Extrinsic” proteins

Lumen

Figure 1.1: overview of the light dependent reactions in oxygenic photosynthesising organisms.

Adapted from the diagram in [1]. Light harvesting proteins omitted for clarity
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Figure 1.1 shows an overview of the key chemical reactions involved in the light driven
process. Photosystem Il extracts electrons from water via a four-step process, with
one electron extracted for every photon absorbed. This reaction is catalysed by the

Oxygen Evolving Complex (OEC), a cluster of four manganese ions.

2H,0 > 4e" +4H" + O,

This process occurs with high quantum efficiency, close to 100% for visible light
shorter than 700nm [2]. The electrons extracted from water are used to reduce
plastoquinone (PQ) to plastoquinol (PQHz), which is then re-oxidised by cytochrome

bef. Those electrons are then transferred to Photosystem | via plastocyanin.

PSI then re-excites these electrons to Ferredoxin, which in turn transferred that
electron to Ferredoxin-NADP Reductase. The proton gradient generated during this
process powers ATP synthase. The ATP and NADPH generated can then be used to in
the carbon fixation (ie the Calvin cycle). PSI together with Cytochrome bef can also
undergo cyclic electron reactions to produce ATP without PSII. This notably occurs in

some nitrogen fixing cyanobacteria.

The fundamental processes involved in oxygenic photosynthesis are highly conserved
between different organisms. When significant deviations from the “normal” process

are discovered, they are of great interest.

1.2 Structure and function of Photosystem Il
The X-ray crystallography structures of PSIl and PSI derived from thermophilic

cyanobacteria [3, 4] and red algae [5, 6] have been reported.

The smallest unit of Photosystem Il that is still capable of evolving oxygen is referred
to at the PSIl core, weighing in at 350kDa. The crystal structure of the core from

cyanobacteria is shown in Figure 1.2 with key cofactors highlighted.
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The PSII core consists of the two central reaction centre proteins D1, D2 and
cytochrome bssg, the antenna complexes CP43 and CP47, and the OEC stabilising
proteins, including cytochrome csso in most organisms. In total, the complex contains
35-36 chlorophylls, 2 pheophytin, 11 carotenoids, 1-2 cytochromes and the OEC. The

structure and function of the pigments are covered in section 1.4.

The overall structure and function of the PSIl core is highly conserved across
organisms. One notable difference is the “extrinsic proteins” on the lumen side of the
membrane shown in Figure 1.1. Higher plants lack the PsbV subunit that contains

cytochrome csso.

Figure 1.2: Diagram of the PSII core from cyanobacteria, based on the crystal structure from Loll et al

(2005)[7]. Chlorophylls and carotenoids in the antenna are excluded for clarity.

1.2.1 Electron transport in Photosystem Il

The primary donor is known as P680, which represents four interacting chlorophylls,
Pp1, Pp2, Chlp1 and Chlp; [8]. Electron is transferred up to a plastoquinone molecule
(Qa), then across to another plastoquinone (Qg) that is loosely bound to the PSII
complex. Once Qg is reduced twice, it can detach from PSIl and migrate through the

thylakoid membrane to cytochrome bef.
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P680* then extracts an electron from the OEC, which in turn extracts an electron from
a molecule of water. To produce one molecule of oxygen the OEC cycles through four
stable intermediate states known as S-states. When kept in the dark the OEC rolls back

to the S1 state.

P680 is named for the bleach that appears in the electrochromic spectrum that appear
upon the formation of the radical. P680+ has an estimated redox potential up to +1.2V
which is the highest of any system known in nature. This high potential is required in
order to remove electrons from water. This high potential means there is the
likelihood that electrons could extracted from elsewhere, resulting in damage to the
complex. Chlorophylls in the antennas are close enough to transfer excitation to P680
but far away enough to minimise the potential for electrons to be extracted from

those chlorophylls rather than the OEC.

HIGH LOwW
Ht e
P MmmmM

D So LIt fui]u]
MMmmim

i fiviivl S
" - v TuJmTmiv]
i fiviviv] So [l niv|

|
2 T UVIIVIIVIIV] S5 [ [iv]iv]

Figure 1.3, the S-state cycle. From Krewald et al. 2015 [9]

In plants, green algae and red algae the membrane the reaction centre is surrounded
by light harvesting complexes (LHCs) that funnel and regulate light to the reaction
centres (Figure 1.4). LHCIl can also move between PSIl and PSI reaction centres,

balancing the relative amount of light that reaches both centres.
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LHCII

<

A) Plant PSII C252M2 supercomplex

@2

%

LHCII

LHCII

LHCII

Figure 1.4: One of the possible arrangements of plant Photosystem Il subunits and associated light

harvesting complexes as seen from the stromal side. Derived from diagram in [10]

In plants there are a diverse number of small LHCs associated with the reaction
centres, as well as the larger LHCII trimers. The structure of the LHCIl complex changes

under different light conditions to favour different pathways [11].

Under high light conditions the role of the LHCs switches from light harvesting to
photoprotection. Instead of the excitation being transferred from chlorophyll to
chlorophyll into the PSII reaction centre it is instead transferred to a carotenoid and
dissipated as heat via a process known as Non Photochemical Quenching (NPQ). This
process prevents the formation of long-lived chlorophyll triplet excited state which in

turn can lead to the formation of highly reactive singlet oxygen species.

1.2.2 The oxygen evolving complex
The Shen et al (2011) crystal structure at 1.8A revealed the general structure of the
OECinthe S1 state as given in Figure 1.5 below. The cluster self assembles in the cavity

from free Mn(ll) ions when PSII apo-protein is exposed to light.
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Mn1,2 and 3 form a cubane like structure along with a calcium atom with Mn4
referred to as the “dangler” because of its more exposed position. This configuration

is flexible, changing its configuration over the course of the cycle.

All the Mn atoms are fully ligated with oxygen, the exception being Mn 1 which is
bound to the histidine residue. As indicated in Figure 1.3 there has been a long
standing debate as to the oxidation states of the Mn ions of the cluster in all S-states.
This is described in terms of two models: the low oxidation state and high oxidation

state paradigms. [9]

As well as cycling between different S-states, the OEC can adopt slightly different
configurations in a given S-state. This slight change in geometry results in a difference

in electronic structure that can be measure using various spectroscopy.
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Figure 1.5: Structure of the OEC as a simplified cartoon (A) and based on the crystal structure (B). The

ligands around each individual Manganese atom are shown as (C).

Figure 1.5 shows each stage of the cycle. In thermophiles such a T. vulcanus the half-
life of the other S-states is on the order of minutes, with the exemption of the
transitional S4 state. In theory a series of pulsed bursts from a laser can be used to set
the sample into a particular S-state, and then the sample can be quickly frozen to lock

the OEC into that configuration.

In practice there are always a number of “misses”, especially in isolated samples. The

further along in the cycle the smaller the proportion in that state. The yield of S2 using
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this method was >80%, however the proportion of S3 in the sample that had been

flashed twice was usually 20-40%.

When frozen samples are illuminated the electron extracted from P680 transfers to
Qa and remains there. This movement of charge slightly shifts the absorption of
nearby pigments. It is important to control the level of light used in measurement so
that the spectra does not detectably change during the course of a scan. Changes in
the spectrum before and after intense illumination can be used to study the
chromophores in the centre of the complex and their role in charge separation. See

Section 2.3.

1.3 Structure and function of Photosystem |
While the central focus of this work is on the Photosystem Il complex, when studying
one photosystem it is often necessary to do parallel experiments on both as there is

often a measurable level of one contaminating samples of the other.

The crystal structure trimeric PSI core from T.elongatus shows 96 chlorophyll per
complex[12] (Figure 1.6). The number per centre varies depending on the species and

on the preparation. Also shown are the iron-sulphur clusters (Fex, Fes and Fep)

Light is transferred to central pair of chlorophylls that form P700. From there the
excited electron is transferred up to the iron-sulphur clusters, then to ferredoxin and

onto NADPH reductase. P700* can then extract an electron from plastocyanin.

The P700+ radical can be quite stable at room temperature and for some experiments
the sample must be chemically reduced to remove it. At low temperatures the
electron extracted from P700 remains on one of the iron-sulphur clusters. As with PSlI,
illumination of the sample at low temperature allows us to measure an electrochromic

shift spectrum.
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ChiA,,

chlA

ChiP,  ChlP,

Figure 1.6: Diagram of the PSII core from cyanobacteria, based on the crystal structure from Jordan et

al [4]. Carotenoids and antenna chlorophylls excluded for clarity.

Q) Cyanobacteria PSI trimer B) Plant PSI complex

° LHCII

Figure 1.7: Arrangement of the PSI trimer seen in cyanobacteria, and monomeric PSI from plants with

associated light harvesting complexes as seen from the stromal side.
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1.4  Pigments of the reaction centres of photosynthesis
The twin enzyme complexes Photosystem Il and Photosystem | present a unique
challenge for optical spectroscopists. Using light to study light-powered enzymes

allows us to directly probe the underlying mechanisms.

Both complexes contain a large number of pigment cofactors with overlapping
absorption bands. This requires us to use multiple techniques to pull apart the spectra.
As these systems are highly sensitive to light the amount of light used has to be
carefully managed and the experimental system has to be optimised for these

experiments.

1.4.1 Chlorophylls

The key chromophores in photosynthesis are the chlorophylls. These versatile
molecules are involved in both light harvesting and charge separation. Chlorophyll a
is the most abundant chlorophyll in most organisms, and usually the only one found
in the PSI and PSII reaction centres. Isolated chlorophyll a in dry ether has a strong

absorption peak at 665nm. This gives chlorophyll its characteristic green colour.

The position of the absorption peaks are modified by the environment surrounding
the chlorophyll. When a chlorophyll absorbs a photon it can transfer that excitation to
another chlorophyll via a process known as Forster energy transfer. A chlorophyll that
absorbs at higher energy transfers the excitation to a lower energy chlorophyll, with
the energy difference lost as heat. In the enzyme complexes the chlorophylls are
arranged in order to funnel energy into the reaction centres of the photosystems

where the chemistry occurs.

Itis also possible for lower energy chlorophylls to transfer energy “uphill” with thermal
energy making up the difference. Statistically this transfer is mostly one way, but is
relevant to discussions about PSI which has antenna chlorophylls absorbing at longer

wavelengths.
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Figure 1.8 shows the structures of the other three chlorophylls relevant to this thesis.

They all differ from chlorophyll a by only one functional group.

Chlorophyll a Chlorophyll b

e

Figure 1.8: Comparison of the different types of chlorophyll relevant to this work.

Chlorophyll a has strong absorption bands in the blue and red regions of the spectrum,
resulting in its distinctive green colour. Organisms can use other pigments to bridge
this absorption gap under low light conditions, for example chlorophyll b and ¢ which

both have Q-bands further to the blue than chlorophyll a.

Chlorophyll b is found in green algae and higher plants, typically within the light
harvesting complexes (LHCs) that are small transmembrane proteins associated with
PSI and PSII. Plants produce a diverse variety of LHCs which also contain chlorophyll b

and carotenoids.

Chlorophyll ¢ (not shown) lacks the phytyl chain. It is commonly found in the brown

algae such as kelp. Like chlorophyll b it is used primarily as a light harvesting pigment.
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In contrast chlorophyll d and chlorophyll f both have absorption maxima further to the
red. Chlorophyll f was first reported in 2010, it was first isolated from cyanobacteria
growing underneath stromatelites. It has since been found in numerous different
strains of cyanobacteria. The existence of chlorophyll e had earlier been reported but

the molecule has yet to be properly characterised.

In most organisms chlorophyll a is the only chlorophyll in the PSI and PSII core
complexes. Other chlorophylls are found in antenna complexes. The notable
exemption is the marine cyanobacteria Acaryochlorous marina, where PSI and PSI|
contain almost entirely chlorophyll d, with at least one chlorophyll a in each enzyme

complex.

Another exemption is studied in this work. When grown under low light conditions the
cyanobacteria Chrococcidiopis thermalis incorporates chlorophyll f into PSIl and PSI,
as well as one molecule of chlorophyll d in PSIl. While mass spectrometry could show
those chlorophylls were in the enzyme complexes, optical spectroscopy was needed
to determine the role these chlorophylls.

While not strictly chlorophylls, pheophytin molecules - chlorophylls without the Mg?*
ion stabilising the ring — are also important components of the electron transfer
pathway in photosynthetic reaction centres. It is more easily reduced than chlorophyll

which allows it to act as an electron acceptor in the PSIl reaction centre.

1.4.2 Other pigments

Other pigments found in photosynthetic reaction centres are involved in light
harvesting and in photoprotection. Two important categories of pigments are the
carotenoids, molecules with a long series of conjugated bonds, and open chain

tetrapyrroles known as phycobilins.

Carotenoid molecules such as B-carotene, lutein and zeaxanthin are another pigment

found in PSI, PSIl and its associated light harvesting complexes. They are able to absorb
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light and transfer energy to the chlorophylls. They also play an important role in

photoprotection.

\\\\\\\\\

Figure 1.9 Structure of B-carotene

Phycobilins play a vital role in light harvesting in cyanobacteria and are also used by
red algae which gives many species their characteristic colour. They are sythesised by
opening up the ring of heme molecules by a specialised enzyme. Phycobilins are
arranged in large protein complexes known as phycobilisomes that sit above the
photosynthetic complexes, as shown in Figure 1.11 with three different forms of

phycobilisome.

Phycobilisomes containing higher energy phycobilins are at the edge of the
supercomplex funnel energy to lower energy phycobilins and then onto the

chlorophylls in the photosystems.

Figure 1.10: Structure of phychocyanobilin, a blue pigment found in phycobilisomes.
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Phycocyanin

Phycoerythrin

Allophycocyanin

Figure 1.11: One possible arrangement of phycobilisomes above the PSIl and PSI core complexes, based

on an example from [13]

Cytochromes are heme containing proteins that are typically involved in electron
transport and redox reactions. The optical properties of the cytochromes change

dramatically depending on the oxidation state of the heme.

There are two different cytochromes in the PSII core. The bsse subunit is necessary for
the assembly of the complex and is also involved in secondary electron transfer
pathways.

Heme b Heme ¢

HS
=
i i y i I SH
0% oH 0”7 "oH 0% NoH o? "OH
Figure 1.12: Structure of the reduced heme molecules inside the cytochrome.
The precise role of cytochrome ¢550 is unclear, it is not essential for PSIl to function

as it is not found in the PSII cores of land plants [14] Heme c is bound to the protein

via two thioether bonds formed at the location of the sulphurs shown.
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1.5 The evolution of photosynthesis

Life on earth is divided up into three domains, bacteria, archaea, and eukaryotes.
Bacteria are an ancient and highly diverse domain of organisms that are either singled
celled or grow in colonies with some specialisation of cells. Eukaryotes include most
multicellular lifeforms (plants, animals, fungi and macroalgae), as well as a diverse

array of single celled organisms.

Atmospheric oxygen level were low until approximately 2.4 billion years ago [15].
Numerous other bacteria use bacteriochlorophylls which are structurally similar to
chlorophyll. These bacteria don’t produce oxygen, instead the harvest light to power
cyclic electron reactions. These bacteria contain enzyme complexes that resemble PS
| and PS Il, known as Reaction Centre | (RCl) and Reaction Centre Il (RCIl). These

bacteria can contain either one of both of these complexes.

While RC | and Il may appear to be “ancestral” forms of Photosystems | and Il, more
comprehensive analysis [15] has shown this is likely not the case. RCIl notably lacks

the ability to split water, instead driving cyclic electron reactions.

Eukaryotes were able to use the oxygen in the environment in respiration. At some
point a eukaryotic cell absorbed a cyanobacteria, and incorporated the smaller cell

into itself rather than digesting it. The cyanobacteria eventually became an organelle.

This cell was the ancestor of the group Archaeplastida which branched into three main
divisions. Viridiplantae, which includes green algae and land plants. Rhodophyta, the

red algae. And glaucophyta, a group of small simple algae.

Secondary endosymbiosis events occurred when the chloroplasts in one species were
incorporated into another. This event happened numerous times, resulting in
chloroplasts having a different evolutionary relationship to the rest of the organism
that contains it. Most photosynthetic eukaryotes have chloroplasts derived from one

of two “linages”, those derived from red algae and those from green algae. [16]



Chapter 1: Introduction to Photosynthesis 17

Some of the organisms studied in this work are extremophiles, growing in
environments considered too harsh for most other lifeforms. For example
environments with high temperatures (>45°C), low pH, only trace amounts of water

and low light levels.

The core complexes extracted from extremophiles are far more robust than those
derived from organisms growing in more ambient conditions. This allows the samples
to be more easily purified and potentially crystalised. At room temperature the S-
states of PSIl derived from thermophiles are far longer lived than PSIl from other
organisms. For instance the S2 state of PSIl derived from T.vulcanus has a half-life on
the order of 10 minutes, compared to that from spinach which decays in a matter of

seconds.

Land Plants

Spinacia oleracea

Green Algae

Red Algae Pheophytes Diatoms
Cyaﬁobacteria Cyanidioschyzon merolae

Thermosyneccocus vulcanus

Chrococcidiopis thermalis
|

lca hlorous marina
Synecchocystis sp. Glaucophytes

Secondary endosymbiosis

~_

Primary endosymbiosis

Bacteria Archaea Eukaryota

Figure 1.13: Simplified evolutionary relationship between cyanobactera and eukaryotic photosynthetic

organisms. The species mentioned in this work are listed in italics.
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1.5.1 Organisms mentioned in this work

Section 3.3.1 details the samples that were used. Thermosyneccocus vulcanus and
related strain T. elongatus are thermophilic cyanobacteria found growing in volcanic
hotsprings in Japan. The PSII cores extracted from T.vulcanus are significantly more
stable than that from land plants, allowing the complex to survive being crystalised.
The samples used in this work are from the same research group that reported the
structures in [3, 4], though the crystallisation step was considered unnecessary for

these experiments.

Cyanidioschyzon merolae is a single celled thermophilic red algae also found growing
in volcanic hot springs. It is one of the smallest and simplest known eukaryotes. It and
related red algae [5] are of significant interest as they can be used to produce PSll core
samples robust enough to be crystalised. Spectroscopy of this organism was carried

out by Julien Langley and published in [17].

Chrococcidiopis thermalis is a cyanobacteria that can be found growing under rocks in
deserts. Like other extremophiles, its ability to survive in hot dry conditions results in
more durable photosystem samples. Under low light conditions C.thermalis and many

other cyanobacteria produce chlorophyll d and chlorophyll f alongside chlorophyll a.

Work was also done on organisms that grow in significantly less extreme conditions.
Spinach (Spinacia oleracea) is one of the land plants commonly used in photosynthetic
research. It can produce PSIl core samples with no measurable amount of PSI
contamination if grown under the right conditions [18]. CP43, CP47 and Reaction

Centre samples have all been prepared from spinach.

Synechocystis sp PCC 6803 is another cyanobacteria that is commonly used as a model

organism [19]. It can be found growing in warm fresh water.

Acaryochlorous marina is a cyanobacteria first found growing underneath sea squirts
[20]. It is highly notable because it contains mostly chlorophyll d with only a

comparatively small amount of chlorophyll a.
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2.1 Low temperature spectroscopy

In this section | will cover the theoretical background of the work in this thesis. The
primary tool used to study Photosystem | and Il is low temperature optical
spectroscopy. This was complemented by with Electron Paramagnetic Resonance,

which is briefly described in Section 2.

While the photosystem complexes from many organisms have been studied by means
of x-ray crystallography, this technique has some significant limitations. Optical and
EPR spectroscopy enable a wider range of samples to be studied, not just proteins that

would survive the crystallisation process.

The spectra reported in this thesis were typically measured at either 1.8K using liquid
helium as a coolant, or at 77K using liquid nitrogen, but the spectrometer described in

section 3 can also be used at room temperature.

Measuring optical spectra at low temperature has several advantages. These include
narrowing of linewidths, which is explained in detail in section 2.1.2. Low
temperatures prevent chemical reactions from occurring, particularly important for
light sensitive compounds such as the photosystems. Freezing the samples
also enables the study of intermediate states. For experiments involving Photosystem
Il the same sample can be poised in different S-states and then frozen before relaxing

back.

Low temperatures also stabilise charge separated species. As discussed in Chapter 1,
charge separation occurs in both photosystem | and Il. In frozen samples, a mobile
acceptor is not able to transfer the electron away from the protein complex. Changes
induced by low temperature illumination can be reversed by annealing the sample at

room temperature.

Samples studied by optical spectroscopy can be maintained in a wider variety of

chemical environments. These techniques can also be non-damaging to the sample.
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For low temperature measurements the same sample can be recycled between

experiments with only minor degradation with use of the right cryoprotectant.

Low temperature optical spectroscopy also comes with several technical challenges,
as described in Chapter 3. These low temperature experiments require either solid

state samples or liquids that form a transparent glass upon cooling.

Absorption of light by a molecule occurs when the electric field of the UV-vis light
interacts with electrons of the molecule. The electrons are promoted from a resting
ground state to an excited state (Figure 2.1). Electronic transitions in organic
molecules typically involve s, n and p electrons. Inorganic molecules typically have d-
d transitions, ligand-to-metal charge transfer (LMCT) transitions, and metal-to-ligand

charge transfer (MLCT) transitions.

The photosynthetic systems investigated in this thesis comprise organic pigment-
protein complexes with metals in their active centres. Thus, all these types of
transitions are observed. Of particular note are the p—p* transitions seen in
chlorophyll and the d-d spin flips observed in the oxygen evolving centre (OEC) of
photosystem Il. The spectroscopy of chlorophyll is discussed further in section 2.2.1
below. “d-d spin flips” are described in section 2.2.3, paper 1 and its supplementary

information.

The absorbance of a sample is given by the simple Beer-Lambert law.

A = ecl.
Equation 1.

Where A is the absorbance, € is the molar extinction coefficient (L mol- cm’), c is the

concentration (mol L) and | is the path length in cm.

Once a molecule has absorbed a photon of light there are a number of processes that

can follow:
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() The molecule can relax back to the ground state, releasing a photon as

fluorescence.

(1) The absorbed energy can be dissipated as heat. This occurs if there are one or more
relaxation pathways. If there are intermediate states can prevent fluorescence by

providing alternative pathways for de-excitation, the process known as fluorescence

quenching.
(1) The absorbed light provides the energy to drive a chemical reaction.

(IV) The excitation energy can be transferred to another molecule. The process known
as Forster resonance energy transfer. This is the mechanism by which light energy can
be harvested in photosynthetic systems. Chlorophylls on the periphery of the protein
complex absorb at higher energy and funnel the excitation energy to the red shifted

chlorophyll in the reaction centre.

Excited State

Ground State

Potential Energy

[ Displacement

Nuclear Coordinates

Figure 2.1: Potential energy diagram of a single chromophore. Each electronic transition is coupled to

a number of vibrational modes. See figure 2.12 A for corresponding absorption spectra.
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Electronic transitions occur through the coupling of the electromagnetic field to the
transition dipole moment. Whether or not a transition occurs is given by the transition

moment integral:

[ wimpodr

Equation 2.

Where Wo and W ; are the wavefunctions of the ground and excited states (Figure 2.1),
respectively; and W is the dipole operator. It is not necessary to evaluate the integral
to determine if a transition takes place. We only need to determine if the direct
product of the functions forming the integrand is symmetric or antisymmetric (even
or odd) with respect to the point group to which the molecule belongs. u is an odd
function. If W and W1 have the same symmetry, the integrand will be odd and the
integral zero. However, if they have different symmetries, the integral will be non-

Zero.

2.1.1 Selection rules

The role of the symmetry (or parity, as it is often known) of a wavefunction leads to
an important selection rule called the Laporte selection rule: transitions in
centrosymmetric molecules can only occur between states of different parity. States
with even parity are labelled “g” gerade, German for “even”; whilst states with odd
parity are labelled “u” ungerade, German for odd. Thus, only transitions that involve
a g—u or u—g transitions are allowed. This automatically forbids transitions within
one type of orbital i.e. s—s, p—p, d—d, as such transitions will not involve a change
in parity. Similarly, there is the spin selection rule, which states that for a transition to

take place, the total spin must not change, i.e. As=0.

These selection rules can all be broken, enabling nominally forbidden transitions to
become at least partially allowed. d-d transitions are frequently observed, for
example. The Laporte selection rule can be relaxed through a distortion of some kind

so that the molecule no longer has its centre of symmetry. This distortion may be
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induced by the environment the molecule is in, or the electronic transition may couple
with an asymmetric vibration that causes a temporary distortion of the molecule. This
latter mechanism is called vibronic coupling. Spin forbidden transitions may become
partially allowed through spin-orbit coupling. Here, the magnetic fields created by the
spin and orbital motions of the electrons couple with each other, enabling spin-

forbidden transitions to take place.

2.1.2 Spectral line widths
The absorption spectrum of a single chromophore consists of an electronic origin, a

series of vibrational sidelines, and phonon wings, shown below in fig 2.2.

Phonons are low frequency vibrations within the lattice of ordered systems.
While proteins frozen within a water/cryoprotectant glass mixture are not crystals,

some short-range ordering still occurs.

. Lowest energy
A, Single chromophore electronic
transition
Lifetime:
~10%
Electronic-vibrational transitions
lifetime: ~10"%s Homogeneous
< Linewidth
Higher energy
electronic transition
Lifetime: ~10"%s Phor'lon
/\ continuum
Wavelength
B, Multiple choromophores
< Inhomogeneous
Linewidth
Wavelength

Figure 2.2: Hypothetical low temperature spectrum of a single chromophore (A) and a large population

of chromophores (B). Adapted from diagram by Hughes (2007)[21]
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The optical linewidth of the electronic origin is given by the so-called homogeneous
linewidth, which is determined by the lifetime of the excited state and the influence

of the local environment

The equation for the minimum homogeneous linewidth, om, is shown below, where
Mom is the homogeneous linewidth given in Hz and T is the total relaxation time given

in seconds. [22]

Thom = ——
hom nq}
Equation 3.1.

T» has temperature dependent (T1) and independent (T,") components.

1 1 1

—_ = — 4 —
T, 2T, T,
Equation 3.2.

T,* is the phase relaxation time, which decreases with increasing temperature.
Dephasing is due to fluctuations in the local environment leading to small changes in

the excitation energy.

T1 is the temperature independent component, based on the radiative (fluorescence)

and non-radiative (heat dissipation and other mechanisms) lifetime.

11+1
7& YHrad THnrad

Equation 3.3

Thus, the lowest excited state in a system often has the longest lifetime and
subsequently the narrowest band as it has the fewest relaxation pathways. Vibrational
sidelines have a shorter lifetime, as they have both radiative and non-radiative
relaxation pathway. Generally, the more decay pathways a system has, the shorter

the lifetime and subsequently the broader the band.

Inhomogeneous broadening is the broadening of spectral lines that occurs as a result

of a population of chromophores being in slightly different local environments. For
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instance, proteins will have slightly different conformations when frozen which also
contributes to inhomogeneous broadening. Inhomogeneous broadening is more
significant in an amorphous glass than in a ordered crystal, as the orientation of

molecules is more variable. [23]

Pigments bound to different sites within the protein form distinct subpopulations
whose spectra can be buried under the inhomogeneous broadening. This effect is

sometimes known as heterogeneous broadening [24].

These different local environments shift the transition energies of the pigments by
small amounts. In an amorphous host material, pigment transition energies have a

Gaussian distribution that renders spectral features broad and featureless.

Selective spectroscopy techniques such as fluorescence line-narrowing and spectral
hole burning can be used to study subpopulations within homogeneously broadened
bands. These techniques can be used to distinguish between homogeneous and

inhomogeneous broadening and determine homogeneous linewidths.

2.2.1 Spectroscopy of chlorophyll

Chlorophyll absorption is modelled as a four-level system, based upon the Gouterman
four orbital model [25]. There are two sets of m = n* transitions that result absorption
in the visible region: the B-bands, also known as Soret bands, that absorb in the blue-
near UV region; and the Q transitions that absorb in the red. The asymmetry of the
molecule splits each transition in two components polarised in the x and y directions

as shown on the structure in Figure 2.3. [26]
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Figure 2.3, Structure of chlorophyll a and its absorption spectrum at 150K in dry diethyl ether. Data

provided by Elmars Krausz.

The spectrum shown in figure 2.3 is for chlorophyll a in dry ether. However, in
proteins, the transition energy of the absorption of chlorophyll is modified by the
protein environment, leading to a distribution of absorption bands and relatively
broad and featureless spectra for pigment-protein complexes, as can be seen in

section 2.2.2 below.

Furthermore, in some pigment-protein complexes, there are other asymmetric
porphyrins such as pheophytins and hemes. The spectroscopy of these pigments
can also be understood with the Gouterman four orbital model, but the transitions

are at different energies from those of chlorophyll.
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2.2.2 Optical Spectroscopy of Photosystems | and |l
The absorption spectrum of PSII derived from T.vulcanus is shown in Figure 2.4. It
shows the numerous overlapping absorption bands from the different

chromophores in PSII as well as measurable (~1%) contamination from PSI.

Soret Bands
Carotenoids

Chlorophyll Qy

Chlorophyll Qx
Reduced Cyt

Pheo Qx OEC Mn(lV) transitions

Figure 2.4: Overview of the optical absorption spectrum of isolated PSII cores derived from
T.vulcanus at 1.8K. Spectrum originally published in [27]

Plant PSll lacks cytochrome ¢550, and samples often show absorption bands at around

680nm from light harvesting complexes.

When reduced the cytochromes have an absorption peak at around 560nm. Adjacent
to these bands is a Qx transition from pheophytin. Upon illumination the cytochrome

bands weaken as some of them are oxidised, while the pheophytin transition shifts.

The low Optical Density (OD) of this region means it can be measured even in highly
concentrated samples. It is typically measured in experiments also looking at the far-

red region in order to check the quality of the sample.

The PSIl deep red state (DRS) is a weak charge transfer band that extends out to

730nm at low temperatures. An equivalent band in PSI extends further out to 800nm.

Cyt CT Bands |
PSII DRS
PSI Red Chl
PSI DRS 7]
PSI P700+ |
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350 400 450 500 550 600 650 700 750 800 850 900nm
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It was observed in EPR experiments that illumination between 720 - 820nm lead to
changes in the structure of the OEC. As this goes beyond the absorption of the

chlorophylls, it was concluded that this was due to direct excitation of the OEC.

Photosystem | shows considerable variation in its absorption spectrum depending on
the species and sample preparation, as shown in Figure 2.5. Even species that contain

only chlorophyll a show highly variable absorption bands into the near IR.

In both T.vulcanus [28] and Arthrospira platensis [29] the furthest red absorption in
trimers is from a pair of chlorophylls located between the PSI units. This absorption
band is lost when the complex is broken up into monomers. In land plants the furthest
red chlorophylls are located in the small LHCs arranged around the complex, located

between the LHCs and the PSI unit. See figure 1.7.

In highly concentrated samples it is possible to observe at weak absorption band at

810nm from the P700** radical.[27]
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Figure 2.5: Comparison of the absorption spectra of PSI from different species. Data for A.marina

measured by Elmars Krausz and Sindra Paterson. Based on the design of the diagram from Gobets and

van Grondelle (2001).[30]

2.2.3 “d-d spin flip” transitions

As the name suggests, a spin flip transition is one where a spin ‘flips’ direction from
spin up to spin down, or vice versa within a single orbital configuration. Since such a
transition involves a change in total spin, they are spin forbidden, but have been
known to become allowed through spin-orbit coupling.[31] The intensity of such
transitions can be further enhanced in dimers (or larger clusters) if a spin on another
metal centre within the cluster simultaneously changes spin such that the total spin
remains As=0 [32]. See Paper 1 and its supplementary information for further

discussion of this subject.
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2.3 Electrochromism

As described in sections 1.2 and 1.3, PSIl and PSI can form stable, separated charges
when illuminated at low temperature. The absorption bands of pigments near the
photoinduced charges shift slightly because of the interaction between the transition
dipole and the electric field from nearby charge. Furthermore, the radical species have
very different absorption spectra from those of the neutral species, leading to spectral
bleaches where they used to absorb. Although these spectral changes are small, they
are readily measurable through taking absorption spectra before and after
illumination and subtracting the spectrum before illumination from that after
illumination. This results in an absorption difference or electrochromism spectrum.

The process is depicted in Figure 2.6 below.

o A. Before
R R
Acceptor
R R
0
. B. After
Pigment 2
CaoHag o 4, )
\0 e
C. Difference
0

Wavelength

CaoHzg~0

Figure 2.6 Change observed in the absorption spectrum due to the movement of an electron.

Electrochromism can be used to study the pigments in the centre of PSI and PSII
complexes and their role in charge separation. The magnitude and direction of the
electrochromic shift of a given pigment is determined by its distance from the
photogenerated charge(s) and the relative orientation of its change in static dipole

moment between ground and excited state. With the help of simulations,
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electrochromic spectra can be used to assign absorption wavelengths to particular

pigments based on their location and orientation relative to the charged species.

Of particular interest in this thesis is the cyanobacterium C. thermalis, which, when
grown under red light, replaces some of the chlorophyll a molecules in PSI and PSII
with the more red-absorbing chlorophylls d and f. These can be seen clearly in their
absorption spectra. Electrochromism is a technique that we have used successfully to

identify which chlorophylls are substituted.

2.4.1 Circular Dichroism and Magnetic Circular Dichroism.

As stated earlier, light is an electromagnetic wave. The electric and magnetic fields
oscillate perpendicular to one another and to the direction in which the light is
propagating. When the electric field oscillates in a fixed plane then the light is said to
be linearly polarised. If instead the electric field rotates around the propagation
direction the light is circularly polarised, in spectroscopy, circularly polarised light is
right-handed if the electric field rotates clockwise when viewed by the receiver, and
left-handed when it rotates anticlockwise. Circularly polarised light occurs when two
perpendicular plane waves of equal magnitude oscillate 90° or a quarter of a
wavelength, out of phase with each other. It is generated by first linearly polarising
the light with a polariser and then passing it through a quarter-waveplate at an angle
of 45° with respect to the direction of polarisation to produce the 90° phase shift. For
the experiments described in this thesis, we used alternating left and right circularly
polarised light. This is generated with a polariser followed by a photoelastic
modulator. The modulator acts as a variable waveplate, producing an alternating +
90° phase shift at a frequency of ~ 60 kHz, thus producing alternating left and right

circularly polarised light at ~ 60 kHz. For further experimental details see section 3.1.

2.4.2 Circular dichroism
Circular dichroism (CD) is the differential absorption of left and right circularly

polarised light. It is associated with the absorption bands of chiral systems (i.e.
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systems without a centre of symmetry). These so-called optically active materials

absorb left and right circularly polarised light differently. This difference is given by:

AL —Ag

A + Ap
Equation 4

By this notation, greater absorption of left circularly polarised light gives a positive

signal and greater absorption of right circularly polarised light gives a negative signal.

Since chlorophyll possesses a centre of symmetry, the CD of isolated chlorophyll is
very weak. In contrast, chlorophylls within a protein show comparatively strong CD.
This arises because chlorophylls within a protein are coupled to each other and have

a chiral arrangement imposed upon them by the protein structure.

The intensity of the observed CD transitions depends on the distance between the
molecules and their relative orientation. This enables it to be used to probe the
relative positions and orientations of the chlorophylls within the protein. For
instance, extensive modelling of the CD of the PSII RC preparations from spinach has

been reported. [33]

2.4.3 Magnetic circular dichroism

Magnetic Circular Dichroism (MCD) is the difference in absorption between left and
right circularly polarised light induced by a magnetic field applied in the direction of
light propagation. Like CD, MCD is measured in wavelength regions of optical

absorption. It is a manifestation of the Zeeman effect.[34]

Experimentally speaking, MCD is measured in the same way as CD, but with the
application of a magnetic field. Samples with inherent CD will also have MCD. The
circular dichroism is measured with and without the magnetic field, the purely
magnetically induced component is then isolated by subtracting off the zero-field

spectrum.
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The mechanisms behind CD and MCD are different. This means that the two
techniques yield different information. Whilst CD provides structural information,
MCD probes the electronic structure of states. In particular, it can provide
information about the symmetry of transitions, (magnetically-induced) coupling
between electronic levels, vibronic coupling [35], and identify bands in congested
spectra. MCD is a multidimensional technique in that it can be measured as a
function of temperature, field and wavelength. It probes both ground and excited

states.

This technique is complementary to EPR (covered in the next section) as the Zeeman
splitting that gives rise to EPR signals also produce an MCD signal. This can be used to
link an observed EPR transition to an optical transition. It has the advantage over EPR

in that it reports the electronic structure of both the ground and excited states.

At low temperature (<10K) the MCD signal of paramagnetic species is enhanced
relative to that from other chromophores. This is particularly useful when studying
weakly absorbing paramagnetic species on a background of strongly absorbing

diamagnetic species.

MCD can be described using the following equation [36]:

Ae  €rcp— €rcp 1 Apcp — Arep

E E " dc E

= roan [(-555) 4 (5o 57 o)

Equation 5.

E is the energy, f(E) is the line shape function, T is the temperature, B is the applied
magnetic field, Bs is the Bohr magneton, k is Boltzmann constant, y is a constant, d is

the path length, c is the concentration.[37]

The A1, Bo and Co terms are coefficients. They relate to the influence the magnetic
field has on the electronic states under investigation. A-terms arise from the magnetic-

field-induced lifting of ground or excited state degeneracies. This leads to a
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characteristic derivative-shaped spectral feature. B-terms result from mixing of either
the ground or the excited state with other electronic states. B-terms have the same
shape as the absorption feature that they correspond to. The intensity of a B-term
arising from the mixing of excited states increases linearly with increasing field and is
mostly temperature independent. However, B-terms arising from ground state mixing
can show temperature dependence. An example of a B-term found in this work is the
mixing of Qx and Qy transitions in chlorophyll (See Section 2.2.1). C-terms are caused
by magnetic-field-induced splitting of ground state degeneracies. When ground-state
degeneracies are lifted in a magnetic field, the population levels in the different states
are changed by means of a new Boltzmann distribution. C-terms have the same shape
as the absorption feature they correspond to, but are temperature dependent. MCD
signals may be either positive or negative. The sign of the MCD signal is determined
by the change in orbital angular momentum between ground and excited states. The

three MCD terms are summarised in Figure 2.7 below.



Chapter 2: Theoretical Background 36

A term B term Cterm
— 1P1 —
P — gl —-+—'P, 15— 'S,
e,
lcp rcp lcp rcp lep rcp
IP«|
16— eeannas ISO — L] » [ —t— 1P
— IP

S
~

Wavelength

A(lcp) - A(rcp)

Wavelength

Figure 2.7, The origins of the A, B and C term MCD signals. Adapted from Piepho and Schatz [36] Note

that the splitting on the energy scale is exaggerated.

At higher fields (>1T) and lower temperatures (<10K), C-terms no longer scale linearly

with field and temperature. The intensity of a simple purely C-term transition is given

by:

Ae
E

9BgB
2kT

= Alimit tanh( )f(E)

Equation 6
Tis the temperature, B is the applied magnetic field, Bs is the Bohr magneton, k is the

Boltzmann constant and g is the g-value.



Chapter 2: Theoretical Background 37

This saturation behaviour is useful in separating overlapping MCD signals. As well as
this non-linear behaviour being useful for excluding contributions from A and B terms,

it can be used to separate overlapping bands with different g-values.

The phrase “Pseudo C-term” can be used to describe any absorption band that
behaves similarly to a simple C-term in Variable Temperature Variable Field (VTVH)

measurements but has a more complicated electronic structure.

In the case of complex ground state splitting a more rigorous treatment is necessary.
For instance when describing the MCD behaviour of magnetically coupled atoms. A
paper by Neese et al [38] examines weakly coupled metal dimers. The examples
shown demonstrate complex field and temperature dependant behaviour. In one

case the MCD absorption band reversed sign with increasing temperature.

The ground state splittings that lead to MCD C-terms are also the origin of electron
paramagnetic resonance (EPR) signals. EPR is a spectroscopic technique used for
studying systems with unpaired electrons. In EPR, transitions between the electronic
ground states that are split in the magnetic field are probed directly with microwaves.

The transition energy in an EPR experiment is given by:

AE = hv = gugB,
Equation 7

Where g is the g-value, h is Planck’s constant, ug is the Bohr magneton and By is the

applied magnetic field.

In contrast to an MCD experiment where the magnetic field is kept fixed and the
wavelength is scanned, in EPR the microwave source is kept at a fixed energy and the
magnetic field is scanned. A comparison of EPR and MCD is shown in Figure 2.8 below.
The energy of the optical transition is on the order of 10* times greater than an EPR

transition.
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Figure 2.8: Comparison of an EPR transition and MCD C-term.
EPR does not require samples of high optical quality as MCD does. EPR studies on
Photosystem |l for instance are regularly made using PSll-enriched thylakoid
membranes. Such preparations scatter light too much to produce MCD spectra of

useful quality.

It is important to note that spin forbidden transitions that can be seen in MCD are not
equivalent to the change in spin measured in EPR. The MCD signal arises from a change
in spin of one electron relative to the other electrons on that atom, while EPR reports

the change in net spin of all the electrons on that atom.

The shape and position of an EPR transition is influenced by the environment in which
the electron(s) under investigation are in. For example, an unpaired electron can gain
or lose angular momentum, which can change its g-value; when multiple unpaired
electrons are present, they can interact with each other leading to zero-field splittings
and exchange coupling; if nearby nuclei have a non-zero nuclear spin, they will affect
any unpaired electrons associated with that atom leading to hyperfine splitting, which
splits the EPR resonance signal into multiplets. All these effects are often orientation
dependent and so can provide information about the atomic or molecular orbital
containing the unpaired electron. Detailed information is usually obtained from EPR

spectra by modelling the band position and shape.
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EPR and MCD are complementary techniques. For example, modelling a measured
saturation curve of an MCD signal can give a g-value. This enables a signal observed
in EPR to be linked to an optical transition. The two methods vyield interrelated

information about a system and their combined use can be very insightful.

The example below is the spectrum of the isolated PsbV subunit, which contains
cytochrome ¢550. MCD and EPR have been used extensively in the study of
cytochromes. A review by Cheesman et al [39] covered the applications of MCD to
hemeproteins, with the technique often applied to various types of cytochrome in

larger complexes.
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Figure 2.9: The absorption spectrum (A), field dependent intensity curve (B) and MCD field dependent

spectra (C), of oxidised isolated cytochrome c550.

In EPR, the isolated PsbV subunit from T.elongatus shows up as multiple peaks at
8,=2.94, gy=2.24 and g«=1.49 [14]. Measuring the VTVH curve of cyt c¢550 gives a
curve close to the hypothetical g=2 line from Equation 6. The deviation from the

simple curve is consistent with the g-value having different directional components.
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3.1 The spectrometer system

The key experiments done for this thesis were performed on our optical
spectroscopy system. The current configuration of the system dates back to 1986,
with a number of incremental changes made since. Several improvements have
been made to the system during this doctoral work. These are described in section

3.1.1 below, and also documented in detail in the appendix of Publication 1.

Measurements can be taken on any sufficiently transparent sample that fits on the
sample rod. Initial work using this system primarily involved solid state samples.
However the work described here was carried out on frozen aqueous solutions.
Details of the cells used for such samples are described in section 3.3.

One key advantage of this system is that it can be switched between different
modes without perturbing the sample. It can simultaneously record absorption,
CD and MCD spectra. It can also be rapidly reconfigured to measure emission and
excitation spectra, without disturbing the cryogenic sample. The flexibility of the
system allows us to easily test modifications to the system that were needed
during various experiments. The different configurations are described in section

3.1.1

3.1.1 Absorption configuration
The configuration of the system for absorption is shown in Figure 3.1 below, which
was adapted from a paper by E. Krausz [40]. with modifications to show the

specific configurations used for the experiments in this thesis.

Lock-in Array
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Figure 3.1, overview of the spectrometer as set up for absorption and CD/MCD measurements.
Modified from the original version provided by E. Krausz [40]
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Measurement light in this configuration is provided by Source 1. A mechanical
chopper chops the light at 483 Hz. This light is then passed through a 0.75 m
Czerny-Turner Spex 1402 dual single/double monochromator. For the work here,
it was always operated as a single monochromator. The output of the
monochromator is passed through an order sorting filter, a linear polariser and a
photo-elastic modulator (PEM), the last of which is modulated at ~ 60 kHz. The
polariser PEM combination produces alternating left and right circularly polarised
light for the (M)CD measurements. The resulting light is then imaged on the
sample. Light that is transmitted through the sample is collected and imaged on
the detector. The system has three lock-in amplifiers in a heterodyning
arrangement. The circular polarisation lock-in measures the signal at 60 kHz. Its
output is sent to the heterodyne lock-in amplifier, which is referenced to the 483
Hz chopper frequency. The heterodyne lock-in thus provides a signal that is
modulated at both 483 Hz and 60 kHz, and consequently strongly rejects the
interference from either the modulator or the chopper. The detector outputis also
fed to the total light lock-in referenced to the chopper frequency that measures

the total light level.

The spectrometer depicted above can reliably measure absorbance up to OD ~ 2.
Above this absorption level, spectra can become distorted, with peaks appearing
to be clipped. This is due to stray light at other wavelength being of greater

intensity than the transmitted light at the measurement wavelength.

In this configuration, monochromator 2 (Spex 0.25 m) can be used to illuminate
the sample by rotating the sample rod. This enables the measurement of
wavelength-dependent electrochromic shift spectra. Monochromator 2 can also
be used to back illuminate the sample so it can be photographed (see section
3.1.3). The sample can also be illuminated with other light sources (such as alaser)

by removing the detector or camera.
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3.1.3: Fluorescence configuration

Lock-in Array
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Figure 3.2, system as configured for fluorescence experiments. Modified from the original
version provided by E. Krausz [40]

Figure 3.2 above shows the spectrometer in its fluorescence configuration.
Fluorescence can be excited using a laser at either at the source 1 or source 3
positions or with a lamp (source 2) via Monochromator 2. This last option is
especially attractive as it is a highly tuneable, stable light source with a well
characterised output. Because of its tunability, this source can also be used for
excitation spectra. With the modulator and polariser in place, circular and
magnetically circular polarised luminescence (CPL and MCPL) can be measured

using a laser at source 1.

3.1.4 Light sources:

There are two light sources used for absorption measurements: a quartz halogen
lamp, and a laser driven light source (LDLS). For exciting emission, either the
quartz halogen lamp is used in conjunction with a small double monochromator
(monochromator 2), or a laser. The most commonly used laser in this thesis was

a titanium sapphire laser.

The quartz halogen lamp is the most commonly used light source for absorption
experiments, including all the absorption spectra in this thesis. Being based on a
tungsten filament, this lamp good output from 420 nm to a few micrometres into
the near infrared. It consists of a low cost 24 V, 250 W quartz halogen lamp in a

cooled housing operated with a stabilised power supply. The result is a highly
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stable light source with an apparent change in absorption arising from instability

in the lamp on the order of 10-> over the course of 5 hours.

The laser driven light source (Energetiq model EQ-1500 LDLS) uses a focused
laser beam to generate and maintain plasma between the discharge electrodes of
a xenon gas filled bulb. Being based on a xenon discharge, it has a wavelength
range from ~ 200 nm to ~ 2 mm. Since it has good output in the UV region, it is an
excellent complement to the halogen lamp. The spectrum of PSII in Figure 2.13 for
example is a composite of two spectra measured with the two different light

sources.

The Titanium sapphire (Ti:S) laser is an infrared laser with a tuneable output from
690 - 900 nm. The laser used here is a Schwartz EO Ti:S laser pumped with a 532
nm Continuum Verdi G. The output of the Ti:S can be up to 400mW, filters were

used to reduce the intensity of the beam at the sample.

3.1.5 The detectors:

Different detectors were used for different wavelength ranges. It was often
necessary to use two or more detectors in the course of a single experiment.
Changing detectors is a relatively straight forward procedure. The detectors used
in this doctoral work are a photomultiplier, a silicon avalanche photodiode, and
an InSb detector. An example where multiple detectors are used is in concentrated
PSII samples where the pheophytin and cytochrome peaks in the “green window”
(see Figure 2.4) are measured using the photomultiplier, and the avalanche diode

for the near-IR MCD experiments.

For the visible region (400 - 800 nm) a Hamamatusu R669 photomultiplier is
used. This tube was chosen for optimal stability and baseline performance.
Photomultiplier tubes do suffer baseline shifts induced by the magnetic field.
These can be mitigated to some extent through the use of shielding, and can be

corrected.
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Measurements further to the red (500 - 1100 nm) were made with a temperature
stabilised 5 mm Advanced Photonix silicon avalanche photodiode. A important
advantage of this detector is that it is significantly less sensitive to magnetic fields
than a photomultiplier tube. This makes it a good choice of detector for magnetic-
field dependent measurements. For measurements further into the infrared, a 1
mm, liquid nitrogen cooled InSb detector system with condensing optics was used.

This detector has a wavelength range from 700 nm to about 5 mm.

3.1.6 Thecamera

The camera is a Canon DSLR with the IR filter removed. As PSII and PSI samples
are mostly transparent beyond 740nm, light at longer wavelengths can be used to
inspect the sample without altering it. Bubbles, ice crystals and excessive cracking
of the sample can result in artefacts in the spectra. Other problems with
transmission such as condensation on the outer windows or obstruction from
items that have fallen into the cryostat can be seen with the camera before time
and helium are wasted taking measurements. Examples of images taken with the

camera are shown in Figure 3.7.
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3.2. Cryostat

To Main
Vacuum Pump

Needle Valve Control

Transfer Line Entry

-

H
N, (1) = N, ()
@
Jacket A Jacket
5
He (g)]
He(l) He ()
Needle Valve
- y
5] - i
= =
[~ )
S
g °
@ ) 5
E Magnet Coil Magnet Coil 3
S 3
o
=)
N
Vacuum Baffle

Figure 3.3: The cryostat housing the sample as viewed from the detector side in Figure 3.1 and 2.
Based on original diagram by S. Peterson.
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The cryostat is an Oxford Instruments SM-4 magneto-optical cryostat. A cross-
section of this cryostat is shown in Figure 3.3 above. It enables the temperature of
the sample to be controlled between 1.8 K and room temperature, and magnetic
fields of 0 - 5 T to be applied. The sample is attached to the end of a rod inside the
cryostat, and can easily be rotated and moved up and down within the cryostat.
The top of the rod is clamped into position while experiments are being run. To
do the measurements, the sample is lowered directly into a bath of nitrogen or
helium, cooling it rapidly. This is vital for experiments involving PSII poised in
higher S-states, as these states have a relatively short lifetime. The magnet could
be energised up to 5T in approximately 10 minutes. Being able to rapidly change
the field was important for making multiple measurements at different fields in

one day.

During the course of the work described in this thesis, a number of improvements
have been made to the cryostat. These are: a lock for isolating the sample was
added to the top of the cryostat, a guide was added to the bottom of the cryostat
to keep the sample still, the temperature stability of the sample was improved.

A lock was built at the top of the cryostat. This enabled the sample to be raised
out the liquid helium bath and brought to a given temperature without exposing
the sample to light or air. This addition was vital for annealing samples and
allowing changes to take place that can only take place at temperatures above
liquid helium or liquid nitrogen temperatures. Furthermore, the lock has a
coverable window in it, enabling the sample to be “flashed” to initiate
photochemistry that can only take place at temperatures above liquid helium or

liquid nitrogen temperatures.

The sample was found to undergo very small movements in the magnetic field of
the cryostat. These movements cause errors in the baseline of MCD
measurements. Accordingly, a small sprung guide was placed at the bottom of the

cryostat to hold the bottom of the sample rod in place.

As the temperature of the sample compartment in the cryostat changes, the length

of the sample rod changes slightly. This leads to small, but measurable, drifts in
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the MCD baseline. To solve this problem, a system with a solenoid-operated pump
valve switched according to a set point on a carbon resistor at the sample was
developed. This maintains the temperature of the sample at 1.8 + 0.01 K. In this
way, the sample space can be kept at 1.8 K for 1-2 hours: enough time to do a full

series of measurements from OT to 6T.

3.3.  Samples and sample handling

Samples used in this work were generously provided by others.
Thermosynecoccus vulcanus samples were provided to us by Jian-Ren Shen’s from
Okayama University. The PSII samples are the same preparations that are used to
produce crystals for X-ray crystallography [41]. This group also provided samples

of the red algae Cyanozadium merole.

Chroococcidiopsis thermalis provided by Dennis Nurnberg and Bill Rutherford

from Imperial College London.

Spinach (Spinacia oleracea) is typically used because it has a high concentration
of chlorophyll, low levels of starch and grows quickly. Spinach samples were

produced by Paul Smith who previously worked at the ANU.

PSI, PSII and other samples samples are stored in buffer either in the -40C freezer
or under liquid nitrogen, with glassing agent added before the experiment. It was
important to minimise freeze/thawing cycles, as this can potentially damage the
samples, even with the addition of some cryoprotectant. Changes that can be
observed optically include the oxidation of ¢550 in T.vulcanus PSII with
subsequent freeze/thawing, and the detachment of LHC subunits from the PSII of
spinach[18].

Experimental set up designed to allow us to manage the light exposure to the
sample. Green LEDs were used to provide enough light to safely work with. These
LEDs emit light at the absorption minimum of chlorophyll containing samples.
Once the sample cell has been filled and fitted to the sample rod, it can be kept in

the dark and subsequent light exposure can be carefully controlled.
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The volume of sample typically used in an experiment is between 5-50uL. Small
volume glass syringes (10-200uL) are used to measure out the sample and to add
the mixture to the sample cells. The buffer and antifreeze are blended together in
an Eppendorf tube, along with any other additives, before the photosynthetic
sample is added. Image of the sample being loaded into the cell in shown in the

supplemental of Publication 1.

Concentrations of samples provided for these experiments were typically between
0.5-10mg/ml of chlorophyll. Highly concentrated PSII samples contain
approximately 65mg/ml of protein, this combined with buffer and 45% glassing
agent results in a highly viscous sample. ~5% variability in the concentration of
the sample. For EPR controls, T.vulcanus sample had to be diluted by a factor of
about 10, but contained the same ratio of buffer and glassing agent.

There are a number of chemical treatments that can be applied to the samples.
Potassium ferricyanide is typically used to chemically oxidise P700 in PSI. Sodium
dithionite solutions could be used to reduce the cytochromes in PSII and is another

method to remove the OEC.

Oxidants and reductants are diluted in the buffer before the protein sample is
added to the mixture. A super-saturated solution in distilled water is mixed up
right before use. This reduces the dilution of the sample, and in the case of
sodium dithionite solutions to reduce the amount of time spent preparing the

solution as sodium dithionite decays in water.

Photosynthetic samples contain a significant amount of detergent that acts as a
substitute for the lipid membrane that originally surrounded the enzyme. High
detergent levels lead to the sample wicking out of the sample cell. This was less
likely to occur in cells with hydrophobic coatings. Bubbles formed in the mixture
if not handled carefully. The presence of bubbles resulted in “clipping” of the
spectra, where the tops of high OD peaks were flattened. Bubbles were especially
problematic when measuring difference spectra, as a slight movement of sample

containing bubbles resulted significant apparent changes to spectra.
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3.3.2 Sample cell designs

Photosynthetic samples are injected into quartz cells with a small syringe. The
sample is loaded under low light conditions, with green LEDs providing
illumination. The loaded sample cell is then affixed to the end of the sample rod
and crash cooled by rapidly lowering it into the cryostat directly into either liquid
nitrogen or liquid helium. Cells must be able to survive repeated rapid cooling.
Cells made entirely out of quartz have been used; however, they are at a greater
risk of shattering from thermal shock. Polymer cuvettes are highly birefringent,
and so are of little use for CD/MCD experiments. This means that MCD cells tend

to have a more sophisticated design than standard spectroscopic cuvettes.

A standard MCD cell, often referred to as a Solomon cell, consists of two quartz
windows separated by an O-ring and held in place by a frame. Cells with copper
and Teflon frames were used in Figure 3.6. Such standard cells have the benefit of

being simple to construct and easy to clean because they can be disassembled.

Figure 3.4.1. “Standard” MCD cell in a disassembled state.
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Figure 3.4.2. Three different “ANU” sample cells

At the Australian National University, we have designed a number of novel MCD
sample cells. These sample cells have evolved over the years. Different cells were

designed for different applications.

The “ANU thick cells” were used for most of the OEC work in Paper 1. These cells
consist of two 1 mm thick, 12 mm diameter quartz windows held together with a
titanium ring and Ecobond™ glue. They have a pathlength of 0.5 to 2 mm. The cell
is filled and emptied through a small hole in the titanium ring. Titanium and
quartz both have low thermal expansion coefficients, reducing the risk the cell will
crack, and because of the small size of the cell the strain across the quartz windows
is negligible. The downside to these cells is they are quite difficult to construct.
Eventually, freezing and thawing the sample can open gaps in the Ecobond,

allowing the sample to wick out, and ultimately the sample cell falls apart.
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For the work in this thesis, the thick cells had a hydrophobic coating applied to the

inside of the cell. This is detailed further in section 3.3.3.

“ANU split cells” are described in [40]. Two 1 mm thick, 12 mm diameter quartz
windows are held 200 um apart with strips of titanium as spacers. The sample is
held in place through surface tension. The cell is filled and emptied through a gap

between the titanium spacers.

With “ANU top-loader cells”, the sample is sandwiched between two 1 mm thick,
12 mm diameter quartz windows with a mylar spacer between them. A titanium
ring around one window prevents the sample from wicking out. The spacers are
10 um and 50 um thick. After the mylar spacer and sample have been put in the
ring-window assembly, the second window is simply dropped on top to create a
very short path length sample. These cells have been used to measure low OD

spectra of concentrated samples.

3.3.3 Sample glassing and hydrophobic coating:

With the exemption of a few model compounds mentioned in paper 1, all the MCD
work in this thesis was done using aqueous solutions.

When water freezes at atmospheric pressure it forms crystalline ice, resulting in
an opaque sample. The concomitant expansion of the aqueous solution can also
damage the sample cell and the protein itself. To prevent this, a glassing agent is
added to the sample. Glycerol, ethylene glycol and sucrose are typical glassing

agents for protein samples. [21]

The use of glassing agents does have an impact on the photosystem cores,
particularly the OEC in PSII. Sucrose solutions have the potential to “dehydrate”
samples. By weight, sucrose solutions require more sucrose than water in the
sample to form a glass. Glycerol and ethylene glycol are small enough to travel up
the water channel, displacing water molecules. This is a problem for S-state
dependent PSII experiments where water must be at the active site. This can

suppress the formation of the high-g form of S2 and reduce the yield of the S3 state.
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The physical processes determining glass formation are less simple than they first
appear. A paper by Murata and Tanaka [42] examines phase transitions in

water/glycerol mixtures.

The cooled water/glycerol liquid is metastable above ~150 K, below this
temperature, it forms a glass. This phase change can be seen in our work with the
sample becoming foggy at or slightly above 150 K until it melts entirely at about
200 K.

An ideal glass has high transmission, no cracks and low strain. In practice though
this is not achievable, as cracks in the sample reduced strain. For our MCD
experiments, the best results were obtained from samples with a few large cracks.
The glassing quality was often unpredictable. In a 1mm cell the concentrated

T.vulcanus samples would have a transmission of less than 15% at 800nm.

The inspiration for applying a hydrophobic treatment to the cells came after it was
noted that the transmission of the sample was noticeably worse after the sample
cell had been thoroughly cleaned. Protein samples can leave a white residue inside
the sample cell that builds up over time. While this layer is undesirable because it
is opaque, it also makes the inside of the cell slightly more hydrophobic than clean

quartz. [ronically, this results in improved spectra.

The aqueous mixture in the cell has a higher thermal expansion coefficient than
the quartz and titanium. As the sample cools and contracts, it becomes strained

unless it can detach from one or both windows of the cell.

The hydrophobic coating was added to replicate the effect of the protein residue,
but in a more controlled manner and with a transparent substance. Applying a
hydrophobic coating to the inside of the sample cell leads to an increase in total
transmission from 2 - 15 % to 45 - 55 %. The total strain of the sample decreases,

as seen in the CD spectra in Figure 3.6.
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A solution of 1H,1H,2H,2H-perfluorooctyltrichlorosilane was used to form the
monolayer. The method used was based on Liu et al (2011) [43] This method was
chosen because the coating would not reduce the transmission of the sample cells,
would be able to survive repeated freeze/thawing cycles down to 1.8K and could
be exposed to a variety of solvents. Any light scattering from the polymerised

siloxane is negligible compared to the increased transmission of the sample.

N—Izo

Figure 3.5, Measurement of the advancing and receding contact angles on a surface treated with
a hydrophobic coating. The lower the contact angle (8.), the more effective the treatment.

The contact angle of the quartz window was measured to test the effectiveness of
the treatment. Advancing and receding contact angles where measured using a
KSV CAM200 Goniometer instrument.[43] The instrument consists of a syringe
that deposits a droplet of the test solution onto the treated surface, and a camera.
The contact angle of distilled water on the treated quartz surface matched that
given in literature on a flat surface [44]. The effective contact angle for a clean
quartz surface is zero, a droplet deposited on the surface forms a thin layer. For a
surface that hasn’t been thoroughly clean, the contact angle is typically less than

100.

The test sample and the buffer solution both had significantly lower contact angles
compared to distilled water. This indicates that the hydrophobic treatment might
be less effective in samples with significant amounts of detergent, but this does

not appear to increase the strain seen in the frozen samples.
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The effect of strain is demonstrated in Figure 3.6 below. The zero tesla (green)
line shows the apparent CD in the sample arising from stain. The samples are

transparent water/glycerol/ethylene glycol mixtures.
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Figure 3.6 -7T to +7T 5K apparent MCD spectrum of 2:1:2 water/glycerol/ethylene glycol
mixture in: A, Cu/quartz 3mm standard cell. B, Teflon/quartz 2mm cell and C, Ti/quartz coated
2mm ANU cell.

Zero Tesla (green) line shows the apparent CD in the sample arising from stain. As
the magnetic field is applied, the sample moves slightly, resulting in an apparent
MCD signal if the strain is not homogeneous. The ripples seen in spectrum B are
approximately the same intensity and the MCD signal from the OEC measured in
Paper 1. The reduction in strain achieved by using the hydrophobic ANU thick cell

made it possible to measure such low intensity signals.

The addition of 40% of a 1:1 mixture of glycerol and ethylene glycol had
previously been found to be the minimum amount of cryoprotectant that would

reliably produce a glass in the ANU cells.[21]

After applying the hydrophobic coating to the inside of the cells, different
mixtures of cryoprotectant were tested, with the results recorded with both the
spectrometer and the new IR camera. Photographs of some of the samples are

shown in Figure 3.7.
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40% 1:1 glycerol ethylene glycol 40% ethylene glycol

35% glycerol 40% glycerol 45% glycerol 50% glycerol
Figure 3.7, Photographs of sample cells containing buffer/antifreeze mixtures at 77K.

The least amount of glycerol useable is 35 %. At this concentration ice appears as
dark spots on transmission photos as shown in Figure 3.7 There is no observed
difference in transmission between samples with 40 % glycerol and samples with
40 % 1:1 glycerol/ethylene glycol. However, samples with 40 % glassing agent
become opaque overnight as the inner of the cryostat warms to ~ 90 K. 45 % v/v
is therefore a better minimum amount of glassing agent to add to a sample. Adding
additional glycerol above 45 % does not improve the transmission of the sample.
Addition of protein has little impact on the appearance of the sample and its

transmission at 800 nm.

With 40 - 45 % glycerol, water will form crystals if given nucleation points and
cooled slowly. The hydrophobic coating on the inside of the cell may prevent the
former as water cannot stick to the surface. Rapid freezing of the sample in the
cryostat does not allow time for water crystals to form. The samples used in the
work here have thickness between 50 pm and 2 mm, allowing the whole sample

to cool rapidly and homogeneously.
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4.1.1 Introduction to Publication 1

The initial aim of this work was to measure the optical absorption of the oxygen
evolving complex of Photosystem II. EPR studies by Boussac et al [45] showed
that illuminating a PSII sample in the S2 or S3 state with 720-860 nm light could
lead to changes in the EPR spectrum of the OEC. As this is too far to the red for
chlorophyll absorption, it can be assumed that the OEC must be directly
absorbing the light. As shown in Figure 2.4, the spectrum of PSII is dominated by
chlorophyll absorption up to 700 nm. The region between 710-1000nm appears
empty. Weak absorption from the OEC could hypothetically be measured in this
region with a sufficiently concentrated sample at low temperature. However, the
variable scattering of light in a real sample makes measuring these bands with

optical absorption alone impractical.

Low temperature magnetic circular dichroism was used to optically characterise
the absorption of the OEC. This technique has a number of advantages, as
described in Section 2.4.3. In particular, it excludes light from scattering and
enhances the absorption of paramagnetic species relative to other bands. The
field dependent behaviour of different chromophores can be used to uncouple

overlapping signals, and can be compared to EPR data of the same samples.

In this work, PSII extracted from T.vulcanus was used. There were a number of
reasons for this choice. The half-life of the S-states formed at room temperature
is long enough to enable the sample to be loaded and frozen before significant
roll back occurs. Previous spectroscopic studies have shown consistency
between batches [18]. Samples are robust enough that they can be highly
concentrated and retain activity through multiple freeze-thaw cycles. The PSI

content of the PSII samples is on the order of 1% (see section 3.3).

A number of improvements were made to the spectrometer and sample handling
for the work in this publication, as detailed in Section 3.3.3. In particular,
baseline issues encountered in earlier experiments [27] were resolved by
applying a hydrophobic coating to the sample cells, producing a more

homogeneous strain in the samples and therefore less baseline shift. Figure 3.6
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shows an example of the apparent MCD spectra that can be generated from
movement of a sample. Furthermore, the sample in the ealier experiment was an
uncontrolled mixture of S-states. By dark adapting the sample and then applying
controlled pulses of light with a laser, we obtained spectra of each S-state. The S1
-> S2 conversion was reliably ~ 80%, and the S2 -> S3 conversion was at most

50%, declining with repeated freeze-thaw samples.

4.1.2. Key findings from Publication 1

Variable temperature variable field MCD was reported for the OEC in each S
state. The dark-adapted sample was entirely in the S1 state, and displayed a
broad negative feature that was weakly diamagnetic. After a single flash from
the pulsed laser, a highly-structured MCD signal developed that could be
attributed to the S2 state. Second and third pulses advance the OEC to the S3 and
SO states, respectively, which also have structured, but distinctly different MCD
spectra. Differences in field and temperature dependencies enable the MCD
spectra of the various S states of the OEC and cytochromes and chlorophylls to be
distinguished from each other. By subtracting the various appropriately scaled
components from each other, spectra of the S1, S2, S3 and SO OEC states could be

obtained.

The spectral features in the MCD of the S1, S2 and S3 states are only 10 - 20 nm
FWHM. This, in combination with transition energies and relative intensities of
these features enabled us to definitively assign the sharp features seen to 4A —
2E “spin-flips” from Mn(IV). Furthermore, it was noted that the shapes of the S
state MCD signals, that of S2 in particular, bore a strong resemblance to that of
the OEC mimic manganese cubane, further strengthening our assignment of spin
flips in the PSII OEC. The possibility that the far-red absorption was due to these
spin-forbidden transitions had not been previously considered. Section 2.2.3

details the mechanism by which spin flips within a cluster can gain intensity.

4.1.3. Additional notes
We were not able to generate the “high-g” form of the S2 state following the

protocol in Bossauc et al [45]. This is followed up in Publication 4.
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While MCD spectra in the region 710 - 1000 nm of other samples were
measured, only those from T.vulcanus were worth publishing. MCD spectra of
spinach in this region show features similar to those seen in T.vulcanus, along
with a significant amount of PSI. No serious attempt was made to measure the
OEC in C. thermalis. The absorption bands of the far-red chlorophylls overlap
with the OEC region. The was no sign of an OEC signal in the 710-900 nm region
of Synechocystis 6803 PSII. C. merole shows a negative MCD band with g=2

saturation behaviour, which is too intense to be from the Mn cluster.
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ARTICLE INFO ABSTRACT

Keywords: Photosystem 1I passes through four metastable S-states in catalysing light-driven water oxidation. Variable
Photosystem I temperature variable field (VTVH) Magnetic Circular Dichroism (MCD) spectra in PSII of Thermosynochococcus
S-states

(T.) vulcanus for each S-state are reported. These spectra, along with assignments, provide a new window into the
electronic and magnetic structure of MnyCaQs. VTVH MCD specira taken in the S» state provide a clear g = 2,
§ = 1/2 paramagnetic characteristic, which is entirely consistent with that known by EPR. The three features,
seen as positive (+) at 749 nm, negative (—) at 773 nm and (+) at 808 nm are assigned as A —2E spin-flips
within the d* configuration of the Mn(IV) centres present. This assignment is supported by comparison(s) to spin-
flips seen in a range of Mn(IV) materials. S; exhibits a more intense ( —) MCD peak at 764 nm and has a stronger
MCD saturation characteristic. This S; MCD saturation behaviour can be accurately modelled using parameters
taken directly from analyses of EPR spectra. We see no evidence for Mn(lll) d-d absorption in the near-IR of any
S-state. We suggest that Mn(IV)-based absorption may be responsible for the well-known near-IR induced
changes induced in S» EPR spectra of T. vulcanus and not Mn(Ill)-based, as has been commonly assumed.
Through an analysis of the nephelauxetic effect, the excitation energy of S-state dependent spin-flips seen may
help identify coordination characteristics and changes at each Mn(IV). A prospectus as to what more detailed S-
state dependent MCD studies promise to achieve is outlined.

Oxygen Evolving Center
Charge-transfer
Magnetic Circular Dichroism

1. Introduction oxidise the cluster by extracting a single electron. After four oxidation

events, the cluster then takes four electrons from two molecules of

The light driven chemical conversion of water to molecular oxygen
and protons is performed in nature by a single enzyme, the Photosystem
II (PSII) pigment-protein supercomplex [1-5]. Light absorption is fol-
lowed by transfer of excitation to the reaction centre of PSIL, leading to
subsequent charge separation and the creation of a powerful Chl-a
based oxidant, P680" *. This radical cation has the potential needed to
oxidise water. Water oxidation is performed in a step-wise fashion
through the coupling of P680-* to the Mn,CaOs cluster of the oxygen-
evolving complex (OEC) via a redox active tyrosine residue (Tyr,). Each
light absorption event, followed by charge separation, then proceeds to

water, releasing molecular oxygen whilst returning the OEC to its least
oxidised configuration [6]. The catalytic cycle of PSII is described in
terms of a series of intermediate (S;) states, where the subscript i de-
notes the number of stored oxidising equivalents in the manganese
cluster.

Significant advances have recently been made in a broad range of
experimental studies [7] focusing on the OEC and its Mn,CaOs cluster
in particular. The imperative has been to determine a detailed me-
chanism of water oxidation. Of greatest significance in this quest have
been improvements in structural data [2], including the spectacular

Abhbreviations: PSII, Photosystem II; near-IR, near infrared; UV, Vis, ultra violet/visible; CD, circular dichroism; MCD, Magnetic Circular Dichroism; VTVH, variable temperature variahle
field; EPR, electron paramagnetic resonance; OEC, oxygen evolving complex; LMCT, Ligand-to-Metal Charge Transfer; MnCat, manganese catalase; Chl-a, chlorophyll-a; Tris, tris

(hydroxymethyl)aminomethane; CW, continuous wave; SI, supplementary information
* Corresponding author.
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development of free electron laser-based femtosecond X-ray techniques
[8-10]. Structures now exist for the resting state $; as well as S3, which
is the ultimate metastable state prior to O—0 bond formation.

Crystallographic data alone cannot provide the level of detail
needed to determine the electronic structure of the OEC and subse-
quently the mechanism of water oxidation. In this paper we describe
the utility of Magnetic Circular Dichroism (MCD) as an incisive probe of
the electronic structure of the Mn4CaOs cluster, as poised in each me-
tastable S-state. The MCD technique [11] is a natural partner to EPR
spectroscopies [12,13]. It has particular sensitivity towards open-shell
metal systems. This characteristic allows the weakly absorbing features
associated with d-d transitions of manganese ions within the Mn,CaOg
cluster to be distinguished from (the MCD of) far stronger chromo-
phores present in PSIL. The MCD technique also has the advantage of
not being compromised by rapid magnetic relaxation processes. MCD
displays equivalent sensitivity in both even and odd electron systems.
Strong magnetic fields (> 1T) and low temperatures (< 4 K} can
create a situation where Zeeman splittings are comparable to both kT
and ground state electronic energy spacings. MCD signals then become
nen-linear in magnetic field strength [14,15]. Analysis of these curva-
tures is very sensitive to magnetic coupling between metal ions [16].
MCD thus promises to be a powerful and multi-faceted window on and
into the Mn4CaOs cluster.

It has long been known that near-IR illumination of PSII in the
700 nm-900 nm region gives rise to dramatic changes in the EPR
spectra of the Mn,CaOs cluster. In particular, near-IR illumination of
the S, state at 140 K has been shown to change the spin configuration of
the S, ground state [17-19] There are two electronic configurations of
Sz, a low spin (S = 1/2, multiline) state and a high spin (S = 5/2,
g = 4.1) state. These have been assigned to two proposed structural
forms of the Mn4CaOQs cluster [20,21].

Near-IR illumination at lower temperatures (< 20 K) can facilitate
the formation of intermediates in which an electron is taken from Tyr,
and returned to the Mn,CaOs cluster [22]. For the S, state, near-IR
illumination at =~ 10 K generates a distinctive EPR ‘split signal’, char-
acteristic of an organic radical species coupled to a high-spin metal-
based magnetic moment. This split signal for S, is ascribed to an S,Y,"
-like intermediate [23] [24,25] [26,27]. The EPR action spectra of the
S, and S near-IR induced photo-conversion processes, as well overall
yields, are similar. Both peak at = 760 nm [28] and both processes are
reversible upon warming.

The Mn4CaOs based absorption responsible for the S, photo-activity
has variously been attributed [17] [29] [30] to a d-d transition within
the Mn(111) d* configuration(s) or a charge transfer (mixed valence)
absorption(s) of neighbouring Mn(III)-Mn(IV) pair(s). By contrast, the
photophysical activity in S, has also been addressed by proposing the
presence of a spin-allowed, low energy d-d transition of a trigonal-bi-
pyramidal Mn(IV) structure proposed [31]for the ‘open’ form of the S,
state.

We recently reported [32] OEC based MCD features in PSII core
complexes of T. vulcanus evident at 770 nm and 800 nm. These MCD
features were strongly temperature dependent and saturated at high
magnetic fields, indicating a predominantly paramagnetic species. The
770 nm-centered feature seen was provisionally assigned to a d,” —
dy2 - yo transition of a Mn(III) within the Mn,4CaOs cluster of the OEC,
based on an analogy to a feature of similar amplitude seen in a man-
ganese catalase (MnCat) [33-35], an enzyme that is structurally related
to the OEC [36].

This study was able to clearly establish the chromophores re-
sponsible for stronger MCD features that overlap with weaker MCD
signals associated with the OEC. The interfering signals at shorter wa-
velengths are primarily due to temperature-independent, B-term MCD
arising from Chl-a based excitations. These originate from both a small
(1%) component [37] of PS I present in the PSII preparation, as well as
long-wavelength charge transfer absorption [38] of PSIL Strongly
temperature dependent (C-term) MCD at longer wavelengths is due to
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Ligand-to-Metal Charge Transfer (LMCT) transitions of oxidised cyt bsso
and cyt c55p. The MCD C-term characteristics of these LMCT transitions
[39] make them difficult to separate from the (weaker) OEC based
bands, as the latter have similar field and temperature dependencies.

In the initial report, our PSII core complexes were not poised in a
specific S-state of the enzyme. After handling the sample in minimal
light and a brief (5 min) dark adaption period, the sample would have
been predominantly in the (stable) S, state, with perhaps some Sz and
S contributions. In response to the limitations of the exploratory study,
we have made significant improvements in sample illumination proto-
cols, sample cell design and overall spectrometer performance. These
enhancements have led to a = 10 fold increase in sensitivity as well as
a = 100 fold improvement in baseline stability.

In this paper, we report variable-temperature, variable-field (VTVH)
MCD spectra for PSII which has been pre-flashed to create a well-de-
fined S, state and advanced further to the S,, S; and S, states in the
usual way, i.e. via one or more closely spaced (= 3 Hz) and intense
nanosecond YAG laser-flashes. We also report the four-flash spectrum,
which restarts the Kok cycle. Apart from a pre-flashed and fully dark-
adapted 8, state, laser-flashed samples are invariably mixtures of S-
states, owing to S-state advancement ‘misses’ and ‘double hits’. We use
the labels f0(S,), f1(S;), f2(83), f3(S,) for spectra of the 0, 1, 2, 3 flash-
advanced samples, having S, S,, S; and S, as targeted components.
Appropriate calibration and manipulation of these spectra allow in-
dividual S-state spectra to be determined.

The phenomenology seen, that of a stepwise increase in the number
of Mn,CaO; features in MCD spectra in moving from S, to S,, corre-
spending to an oxidation of a Mn(III) to a Mn (IV) at each step com-
bined with the narrowness of spectral features observed, has led us to
consider the possibility of an assignment of these features as arising
from ‘spin-flips’ of the d” configuration of the Mn(IV) ions and not as-
signments based on transitions between Jahn-Teller split levels of tet-
ragonally-distorted (six coordinate) d* Mn(IID configuration which, in
all the examples in the literature, exhibit broader spectral features in
absorption and MCD.

2. Materials and methods
2.1. Spectrometer system improvements

The basic spectrometer system utilised, capable of measuring ab-
sorption, CD and MCD spectra, has been previously described [40-41].
A number of significant enhancements to the spectrometer system have
been introduced. These improvements have led to a greatly increased
sensitivity and stability of the system. In particular, the issue of zero
levels and field dependent baseline in MCD has been fully resolved. The
enhancements implemented and performance characteristics achieved
are provided in the SI 2.1.

2.2. Hydrophobic/lipophobic sample cells

The increased stability and sensitivity of our spectrometer has
placed a far greater emphasis on limitations arising from the poor and
variable (2-10%) transmission of samples at low temperatures. This low
transmission was due to the characteristic opalescence of thick, low
temperature glasses formed when using sample cell designs developed
previously [42]. We were able to create highly reproducible samples
with ten times greater transmission, by coating the sample cell with a
thin but robust hydrophobic/lipophobic film. Samples frozen in these
coated cells also exhibited far less strain birefringence, which enabled
reproducible MCD baselines. A description of the development, pro-
duction, and performance characteristics of these cells is provided in
SI.2.2.
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2.3. Sample illumination systems and protocols

Samples were advanced into the higher S-states using the well-es-
tablished ‘saturating flash’ technique of illumination by intense 5 ns
flashes from a high power Q-switched YAG laser operating at 532 nm,
in our case an injection-seeded Continuum Powerlite 8000. In our op-
tical experiments, samples needed to be flashed with the sample cell
already loaded with PSII sample and the cell installed in the sample rod.
As the optical density of the sample at 532 nm was = 4 OD units, the
=300 mJ pulses from the laser were split into two equal intensity
components, illuminating both the back and front of the sample cell
simultaneously.

To poll a pre-loaded PSII sample accurately into a uniform §,; state,
the sample was pre-flashed once and left in the dark for 60 min before
transfer to the cryostat. S, is the resting state of the OEC, However, a
fraction of the S, population will have been formed by the slow decay of
an S, component of the population, §; having been created when the
sample was exposed to light. This S, decay process leaves a corre-
sponding fraction of the Tyr, population reduced. A uniform S, popu-
lation is created by the pre-flash protocol. Upon flashing, the S; po-
pulation with Tyrp reduced is activated to oxidise the Tyrp and not the
OEC. Any Sy population present is advanced to S; and higher S and S:
populations created by the flash decay back to S, during the 60 min
dark adaptation period.

To poise the sample in higher S-states, so as to enable the mea-
surement of f1(S,), f2(S;) and f3(S;) spectra, the pre-flash procedure
was repeated and the sample then flashed 1, 2 or 3 times, with pulses
spaced by 0.3s. The sample rod was then transferred to the super-
conducting magnet cryostat via a lock and frozen within = 1-2 min.
This process is rapid enough for thermophilic cyanobacterial samples,
as they display [43]slow S-state deactivation rates. The rapid-action
docking system was constructed so that the transfer to the cryostat
could be performed with the sample kept in complete darkness, thus
avoiding unintentional scrambling of S-states. The apparatus is de-
scribed in SI_2.3.

For near-IR illuminations at 775 nm, a = 300 mW continuous wave
(CW) Ti:S laser (Schwartz EO) pumped with a Continuum Verdi G CW
laser operating at 532 nm was used. Significant care was taken to re-
move all extraneous visible light from the illumination beam (see
SI1.2.3).

2.4. Multifrequency EPR measurements

CW X-Band EPR measurements were performed at 5-15 K using a
Bruker E500 spectrometer, equipped with an Oxford Instruments ESR
935 cryostat and ITC4 temperature controller. W-band EPR experi-
ments were performed at 4.8 and 7 K using a W-band EPR spectrometer
(Bruker ELEXSYS E680) operating at =~ 94 GHz, as previously described
[44.45]. A Hahn echo sequence was used to collect the EPR spectra i.e.
ty-7- 2t,-r-echo. The length of the x/2 microwave pulse was generally
set to t, = 8 ns (S5 signal) and 40 ns (S signal). The interpulse distance
was = 260 ns.

2.5. MCD and EPR S-state controls for T. vulcanus PSII

The PSII samples were very similar to those previously used
[32-46]. The oxygen evolving capacity of the non-recrystallised pre-
parations is typically 3000 pmol of O, (mg Chl-a)” ' h™ . Tris(hydro-
xymethyl)aminomethane-washed (Tris-washed) PSII samples were
prepared by treating the PSII samples with 1 M Tris at pH 8.5 twice at
0.5mg Chl-a/ml, each with 30 min on ice and precipitated by cen-
trifugation following addition of 12.5% polyethylene glycol. This re-
sults in the complete removal of three extrinsic proteins PsbU, PsbV and
Psb0, as well as the MnyCaOs cluster.

The PSII samples used were diluted = 45% (v/v) with a 1:1 (v/v)
mixture of ethylene glycol and glycerol as a glassing agent immediately
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before use and transferred to a 1 mm path length hydrophobic/lipo-
phobic sample cell. The final PSII concentration (after dilution with
glassing agent) of both active and Tris-washed PSII was =5 mg Chl-a/
ml.

The precision of PSII MCD spectral baselines, when utilising the
upgraded spectrometer and hydrophobic/hydrophillic sample cells, was
established by a comparison with spectra taken at 5T and — 5T (Fig
SI_2.5a). Previously published PSII MCD spectra of T. vulcanus in the S;
state, once corrected for baseline offsets, were seen to be essentially
identical to those [32] presented previously (Fig SI_2.5b). Tris-washed
samples show (Fig. SI_2.5¢) a reduction in C-term MCD. This is attri-
butable to a loss of ¢yt c550. In the Tris-washed samples, the structured
OEC MCD characteristic in §,, S, and S5 is absent.

X- and W-band EPR experiments were performed to menitor the
behaviour of the same batch of active PSII preparation, in the same
glassing mixture and buffer as was used in the optical experiments,
albeit at lower concentrations for X-band measurements. S, multiline
signals were readily obtained from the sample with yields of =~ 80%.
Yields of S,, as monitored by the reduction of S, multiline intensity
upon two saturating YAG laser-flashes were = 40%. This is comparable
to what other workers have obtained [47].

Near-IR illuminations of the S sample at 140K led to minimal
conversion to the S;-g4 form of S5, as monitored by the depletion of the
S» multiline EPR signal at X-band. This is currently attributed to the use
of the ethylene glycol/glycerol glassing agent needed for optical ex-
periments. Similarly near-IR illumination of the S, state led to minimal
yield of any Tyr, split signal at W-band.

3. Results
3.1. S-state dependent PSII MCD overview

Fig. 1 shows the distinctive changes in MCD spectra occurring upon
YAG laser-flash advancing the PSII sample from S; to S,, S; and S,
states. In this series of measurements, the sample was first pre-flashed
and dark adapted for 60 min at 20 °C before being cooled to 1.80 K in
the spectrometer, to create a well-poised S; state. Spectra were re-
corded at 0T and at a range of applied magnetic fields. The f0(S;)
spectra in Fig. 1 shows the variation of MCD spectra with magnetic field
intensity. The sample was then returned to room temperature in the
dark, pre-flashed again and dark-adapted for a further 60 min so as to
recalibrate the S, state, i.e. free of higher S-states and without Tyr;
oxidation.

The sample was then YAG laser-flashed so as to advance it to S, of
the Kok cycle. The field dependent measurements for f1(S,) are shown
in Fig. 1. This procedure was then repeated to explore the f2(S,), f3(S;)
and f4(S,) configurations of the sample (S1.3.2). The same series of
measurements, all made on the same sample, also included measure-
ments of f1%(S,) and £2*(S,) for which the sample was laser-illuminated
at 780 nm (SI1.3.2). Finally, the (scrambled) f4(S,) sample was dark-
adapted for 60 min and shown to quantitatively reproduce the f0(S;)
spectrum.

Except for the f0(S,) spectrum, for which the entire PSII sample rests
in the 8, state, subsequent measurements shown in Fig. 1 and elsewhere
interrogate heterogeneous samples in which a number of S-states are
present. The single-flash spectral set of Fig. 1, labelled as f1(S.), ex-
hibits three narrow features, at 749 nm, 773 nm and 808 nm compared
to the two features previously reported [32] in S; at 770 nm and
800 nm. The three features in f1(S,), display the same field dependence
and the features can be attributed to the multiline (g = 2) form of the
S, state. As the YAG laser-flash induced yield of S, obtained in EPR
control experiments has been determined to be = 80%, any residual S,
MCD component in f1(S,) spectra is small, especially as the OEC MCD
of S; is weaker than that of S,.

Clear, but less dramatic changes in MCD occur when advancing to
the f2(S;) spectrum. The S; to Sz flash-induced transition was also
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Fig. 1. The four panels show the field dependence of the
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monitored in our samples in EPR. In EPR experiments (Fig. 2), the S, to
S, process was seen to have a yield of = 40%, as estimated by the loss of
the S, state; a lower yield for this step (compared to the S, to S, step) is
mostly due to the accumulation of centres which experience a ‘miss’, i.e.
the percentage of centres advanced per flash is maximally 80%, the
maximum two flash yield is 0.8 x 0.8 = 64%. With short (5-10 ns)
YAG laser-flashes, ‘double hits” are unlikely. We also note that for the
sample to advance past S,, the mobile plastoquinone acceptor Qg needs
to be in its binding pocket. In the optical experiments, the yield of S; is
seen to be very similar to that measured in EPR. The S; yield in the
optical experiment can be estimated from the amplitude of the narrow
Sz MCD features remaining and scaling to the corresponding narrow S,
features seen in the f1(S,) spectra. By this method, the S, yield (from
S,) is determined to be = 40%. This value is comparable to that seen
(i.e. 46%), for PSII microcrystals prepared from the same material T.
vulcanus, reported in the current XFEL S; structure [8], as estimated
from parallel FTIR measurements.

As the contribution of S; to flash-advanced MCD spectra is small,
subtracting 60% of f1(S,) from f2(S5) provides a pure S; MCD spectrum.
This spectrum can then be scaled to the magnitude corresponding to a
100% yield of S; from S;. The scaled Sz spectrum is shown in Fig. 3 and
exhibits a slightly broader, blue shifted (-) MCD peak at 764 nm, with a
resemblance to the weaker 770 nm peak in S; and also to the narrower
and stronger 773 nm peak in S,. The S, spectrum in Fig. 3 is also scaled
to correspond to a 100% yield from S,.
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The field dependent behaviour of the S; feature in Fig. 1 is distinctly
different from that of the S; and S, features. At 1.80 K the 762 nm S,
feature approaches saturation between 1 T and 2 T, whereas those of S,
saturate between 4 T and 5 T.

A first sight, the f3(Sy) MCD spectra in Fig. 2 do not appear to be
greatly different to those for f2(S;). In both, there is a similar shoulder
on the remnant of a (narrow) S, feature at 773 nm. However, the sa-
turation behaviour of the shoulder near 764 nm in f3(S,) is different
from that of either f1(S,) or f2(S3) as seen by the nesting behaviour near
744 nm. The yield from S, to So is = 40%. This relatively high yield,
given the S; to S; yield was similar, can be attributed to the relatively
long lifetime of the S, state compared to S; and the short period
(— 0.2 s) between the second and third YAG laser-flashes for the f3(S,)
experiment, resulting in negligible S; to S, decay in this period.

Once the yield of S, has been determined, a scaled S, spectrum can
be obtained from the data in Fig. 1. S, exhibits a single, relatively broad
negative feature peaking with an apparent minimum near 764 nm.
Fig. 3 provides the MCD spectra of PSII in the metastable Kok states, S,,
Sy, Sz and S,. These spectra were all generated from the same PSII
sample and were measured under an identical set of experimental
conditions.

3.2. VTVH MCD spectra

The temperature dependence of MCD spectra in the near-IR region is
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Fig. 2. EPR control measurements of the OEC in PSIT of T. vulcanus were performed at
both W-band, right hand panel, (94 GHz) and X-band, left hand panel, (9 GHz). The right
hand panel shows the f2(85)-f1(S,) difference spectrum at W-band (magenta) at 4.8 K as
well as the simulated spectrum (black curve). The parameters used in the simulation were
those of reference [44], g = 1.99,8 = 3, D = 0.175 cm-1, E/D = 0.27. Turning points of
the Sy state signal (S = 3) are marked in blue. An additional Mn40sCa signal is also
abserved near 2 T marked as? which may be due to the influence of the cryoprotectant.
Assignment of this feature forms a part of ongoing work. The left hand panel shows the
8 K (8, multiline) spectra, for singly doubly and triply flashed samples as indicated. The
doubly flashed sample f2{S;) (magenta) has an S; multiline amplitude of 52% of the
singly flashed sample f1(S,) (green) and that of the triply flashed sample f3(S) (cyan)
falls to 35%.
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Fig. 3. Scaled Near-IR MCD spectra of PSII for each S-state. The regions dominated by
Chl-a (= 730 nm), the OEC (730 nm-820 nm) and cyt bsse/cyt csso (= 820nm) are
annotated.

shown in Fig. 4. These spectra demonstrate the paramagnetic nature of
the unstructured MCD at wavelengths longer than 800 nm, present to a
very similar extent in each S-state. Such temperature dependent beha-
viour has been studied previously for §, [32] and is due to the high-
energy tail of the intense, broad LMCT transitions of oxidised cyto-
chromes which peak near 1600 nm. At wavelengths shorter than
750 nm, Fig. 4 also shows a (smaller) paramagnetic MCD signal present,
as well as a B-term MCD component arising from Chl-a based excita-
tions in PSII and the (minor) PS I content of the sample. The purely
temperature dependent component of the MCD is provided by
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subtracting spectra taken at 1.8 K and 40 K.

The dominantly paramagnetic characteristic of the OEC features in §;
in T. vulcanus at temperatures as low as 1.8 K is unexpected. Previous
EPR evidence indicated that in spinach, the S, state was shown to be
weakly diamagnetic [48-49], having a splitting to a higher lying
paramagnetic level of = 25K (1.7 em™ b,

Fig. SI_3.2a presents higher-sensitivity field dependent MCD spectra
of PSII poised in fO(S;) configuration, whilst also extending the range of
measurement to applied magnetic fields of 6 T. These low-noise data
enable the field dependence for the OEC-based transitions to be dis-
tinguished from that due of the tail of the cytochromes. The field de-
pendence of the 770 nm and 800 nm S, OEC MCD features was de-
termined graphically, by resolving the fraction of the 5 T spectrum that
accurately nulls $; OEC-based MCD at other fields. The resulting field
dependence is shown in Fig. 5, along with theoretical saturation curves
generated using an effective spin Hamiltonian model for the S, state
(see extended calculations in SI_3.2b), which treats the cluster as a
dimer with twe antiferromagnetically coupled § = 2 components ex-
change coupled by a parameter J and excludes the fine structure
splitting of the Mn ions. The resulting saturation curves are shown in
the left hand panel of Fig. 5.and are normalised at 5 T so as to provide a
direct comparison to experimental data.

3.2.1. §; OEC MCD characteristics

The modelling in Fig. 5 shows that the experimental data for S; can
be accounted for by using a J value close to — 0.2 cm™ '. This corre-
sponds to a splitting between the § = 0 lowest state and the § = 1 first
excited state of the cluster of 0.4 cm™'. This is significantly smaller
than the value of 1.7 cm ™ ' inferred from the temperature dependence
of the EPR of the §; state in spinach. Detailed modelling (Fig. SI_3.2b)
shows that at temperatures lower than 1.6 K, the difference between
weakly diamagnetic J = —0.2em™ ! behaviour and isotropic tanh
(gBH/2KT) behaviour becomes easily distinguishable at low fields. Such
experiments are feasible and will make quantification of weak dia-
magnetism more definitive. However as the saturation behaviour seen
is indeed similar to that of a g = 2§ = 1/2 system and diverges sig-
nificantly from the diamagnetic splitting determined from EPR col-
lected in spinach, we cannot not completely exclude the possibility that
the 770 nm feature signal arises from a sub-fraction of centres. This may
reflect inhomogeneity of the S; state or arise from a small population
(= 10%) of centres existing in a completely dark stable S, state.

3.2.2. S, OEC MCD characteristics

The S, state of PSII is very well studied. S, typically can have a high
yield of formation and it exhibits a very well structured and distinctive
(multiline) EPR spectrum. With its simple § = 1/2, g = 2 character-
istic, S, VIVH behaviour will arise from the Kramers degeneracy in the
ground state and have a tanh(gBH/2kT) form. Both the field depen-
dence and temperature dependence of the MCD closely follow this be-
haviour. At fields as high as 6 T, there is no evidence for a contribution
from higher-lying multiplets of the exchange-coupled cluster, which
have been implicated in modifying effective spin Hamiltonian para-
meters, leading to enhanced anisotropy. The absence of any contribu-
tion from these states is consistent with EPR results in T. elongatus,
which have indicated [50] that the energy spacing between the ground
and excited spin states of the exchange coupled systems is larger
(> 10 cm") than that seen in higher plants.

The well-structured S, MCD features associated with the OEC are
stronger than those of §;. As the yield of S, is high (= 80%), a sub-
traction of f1(S,) and fO(S,) spectra provides a good approximation for
OEC-based MCD of S;. Such spectra are provided in Fig S1.3.2c and
were used to determine the field dependence in Fig. 5 for $2. In Fig
SI_3.3a, B-term contributions to the MCD, i.e. from Chl-a absorptions at
short wavelengths, are eliminated by the subtraction of corresponding
spectra of f1(Sz) and f0(S1). These B-terms change very little upon flash
advancement and can be shown to be almost identical in each step (Fig.
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Fig. 4. MCD at 5 T of PSII of T. vulcanus for the samples YAG laser-flashed advanced to S,, S, and S,. S-states of PSII (see text) the temperatures indicated. The offset (magenta) curves are
the difference between spectra taken at 1.8 K and 40 K. Temperature dependent spectra were taken of different samples to the one used in Fig. 1. These latter samples had been thermally

cycled more often and exhibited slightly lower yields of S, and S, as well as exhibiting an increased fraction of oxidised cyt bsq. Apart from amplitude, the spectral characteristics of Sy, S

and 83 were mot measurably different and differences do not affect the interpretation of data.

IMCDI

Magnetic Field [T]

Fig. 5. The magnitude of the field dependence of the 770 nm MCD feature of T. vulcanus
in the 8, state at 1.8 K (left hand panel), compared to theoretical curves (see text) for
J=0,-01,-02 -0.3, -04, —0.5and - 0.85cm ', normalised at 5 T. Analogous
saturation curves for the S; and S; states are shown in the right hand panel as well as
theoretical saturation curves for an isotropic g = 2, § = 1/2 doublet (green) appropriate
to Sy and using the same parameters as used for the simulation of the W-band EPR of S5
(magenta) used in Fig. 2.

SI_3.2¢). LMCT MCD C-term features dominate at longer wavelengths,
these arise from both oxidised cytochromes The cyt bsgo signal under-
goes small changes upon subsequent YAG laser-flashes and/or freeze/
thaw cycles and thus are not completely nulled in difference spectra. As
mentioned above, MCD amplitudes in cytochrome-based spectral re-
gions increase in older samples, i.e. as cyt bssq becomes more oxidised,
but cyt bsse can also experience reduction. It is known that illumination
of PSII samples can lead to cyt bsse reduction, presumably due to the
production of reduced quinnones, in parallel to OEC oxidation.

There are three distinct features in the S, OEC-based components in
Fig's. 3 and 4; at 749 nm, 773 nm and 808 nm. The two latter features
are similar to features seen in $; at 770 nm and 800 nm. The purely
temperature dependent component of MCD spectra in fO(S,) and f1(S2)
are shown as the (offset) spectra in Fig. 4. These reveal a positive and,
pramagnetic signal in both S, and S, extending under the Chl-a based B-
terms. A comparison of the purely temperature dependent component
of f0(8,), fO(S,) and the Tris-washed samples (Fig. 4 and SI 2.4d) es-
tablish that such MCD at higher energies is associated with oxidised
high-spin Fe(Il) cytochromes. The amplitude of the higher energy
temperature-dependent component scales well with that of the LMCT
band intensity near 900 nm in both f0(S;), f1(S2) f2(S3) and the Tris-
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washed sample (Fig'. SI 2.5c¢,d).

When the f1(S,) sample was illuminated with a 780 near-IR laser at
140 K, to create f1*(S;), measurable changes were seen in the MCD
(Fig. SI.3.2d). Comparing the MCD spectra before and after illumina-
tion only small (5-10%) bleach of the S; multiline features occurred
and a broad negative high-g MCD feature attributable to S,-g4 was
generated at short wavelengths (Fig. SI 3.2e). EPR measurements con-
firmed a low yield of S,-g4 in our samples.

3.2.3. §3 OEC MCD characteristics

The f2(S3) spectra in Fig. 1 exhibit a feature near 760 nm associated
with the S, state. A systematic subtraction of narrower (associated with
S,) features provides spectra from which a field dependence of the
760 nm S, feature can be obtained. The field dependence is shown in
Fig. 5, which demonstrates that S, state saturates at low magnetic
fields, with its initial slope approximately twice that seen for S,.

The high field (W-band) EPR spectrum can be simulated using a
model [44] in which the Mn atoms couple to form a well-isolated § = 3
ground state. In a high spin system, the unpaired spins of all Mn atoms
interact by means of both spin-spin and spin-orbit mechanisms. This
breaks the degeneracy of the spin mulitplet at zero-field and a fine
structure tensor (D) needs to be introduced. The S; state EPR data is
consistent with the cluster having a small, negative, rhombic zero-field
splitting with D = 0.2 em™ . This relatively small value is consistent
with the cluster having four octahedrally coordinated Mn(IV) ions.

The magnetic saturation properties of MCD signal(s) provide addi-
tional information, not accessible by EPR. MCD saturation curves de-
pend on the (ground state) spin Hamiltonian terms mentioned above
and additional terms associated with the product of transition moment
vector components M, , ., between the ground sate and the electronic
excited state. Fig. 5 shows that MCD associated with YZ i.e. M,,M,
polarization product, reproduces the saturation of S; seen in the 1.8 K
experiment. A determination of the (small) D values in octahedral Mn
(IV)s is in principle accessible by means of MCD saturation measure-
ments taken at increasingly low fields and temperatures. Saturation
curve nesting, as seen in Fig. SI_3.2b, which shows modelling of the
weak diamagnetism of S, is an example of the type of behaviour that
could lead to an independent determination of the D parameter. The
yield-corrected S-state spectra in Fig. 3 point to a broader negative
component(s) associated with S, in the 780 nm to 850 nm region.
These broader component(s) have the same (high-spin) saturation be-
haviour as the main feature.

When the f2(S3) sample was illuminated using 775 nm near-IR laser
light at 1.8 K, significant spectral changes occurred (Fig. SI.3.2f). A
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comparison of MCD spectra taken before and after illumination (Fig.
S1 3.2 g) reveal the 20-25% bleach of g = 2, S, multiline features. A
broad positive high-g MCD feature is created at short wavelengths. No
measureable change is seen in the S; component. In EPR control mea-
surements, there was only a small Tyr-like split signal seen. There were
some small changes in the (broad) EPR signals associated with the S;
state. Being able to have samples that have substantial near-IR activity
in both S» and S; is a priority for future work.

3.2.4. 5, OEC MCD characteristics

The §; state of PSII is not as well studied as other S-states, even
though Sy, is an odd electron configuration and nominally well-suited to
the EPR technique [51-54]. Well-structured S, EPR spectra can be
obtained from cyanobacterial PSII samples and in spinach samples
when methanol is added. There is little doubt that our f3(S,) spectrum
has advances with good yield to Sy as the [f3(S,) — 2(S3)] spectrum
closely replicates an inverted Sz spectrum.

Fig. SI1.3.2h shows the field dependent spectra of £3(Sg), corrected
for the S, and S; components. At first sight, it appears that the OEC of S
may exhibit a relatively broad negative MCD signal, evident as a peak
near 755 nm. However, this is deceiving. The field dependence of MCD
in this region in S is not paramagnetic. It manifests as a linear signal (B-
term) to within experimental error (Fig.SI_3.2j).

The top panel of Fig. SI_3.2i displays step-wise changes of S, MCD
upon each 1 T increase in applied field. For the final (5 T-4 T) step, the
cytochrome MCD contribution becomes small as its C-term based in-
tensity is close to saturation. The B-term component associated with
each step, owing to Chl-a bands is present, as it is for the other S-states.
However, there is a broad negative component extending from 710 nm
to =900 nm that increases linearly with field. This B-term activity is
seen clearly in the field dependence of S-Sy spectra (SI_3.2j, lower
panel) in which B-terms associated with Chl-a are eliminated and sig-
nals due to cytochrome are strongly reduced. The temperature depen-
dence of the MCD of f3(S,) also displays a very broad negative signal
near 755 nm up to 40 K, this being consistent with the B Term nature of
this band.

‘When the f4(S,) spectrum is compared to that of £3(S,) (SD), it is
evident that the negative MCD B-term associated with S, is reduced
(Fig. S1.3.2 k), indicating that a significant fraction of S, advances to S,.
The f4(S,) spectrum can be attributed to = 50% S, 10% S; and = 10%
S, with the remainder (= 30%) being S,.

There are no identifiable OEC based MCD features in the Sy with
VTVH behaviour similar to those seen for S,, Sz, and S3. The very broad
and featureless negative B-term MCD appears to be unique to Sg.

3.3. Determining OEC-based spectra of each S-state

A comparison of S-state MCD spectra in Fig. 3 along with the tem-
perature dependent data in Fig. 4 help discriminate between features
due to S-state advancement within the OEC and those due to other
cofactors of PSIL. There is minimal change in B-terms associated with
Chl-a components of PSII in the advancement process (Fig. SI1.3.2¢c).
However, strong C-term signals associated with high-spin Fe(IIl) cyto-
chromes underlie both OEC-based signals as well the Chl-a-based B-
term components. Cytochrome-based signals are variable and change
with both thermal cycling and YAG-flashing of the sample.

Cytochrome-based MCD changes are less problematic for the S,
state as the yield is high (=80%). S, OEC-based MCD features are
narrow and can be identified against a cytochrome background (Fig
SI_3.3a. For S, where yields are lower and where OEC-based features in
S, and S; overlap, alternative procedures are needed to reliably extract
an OEC-based S$; MCD spectrum.

One approach is to use the distinctly different saturation behaviour
seen for S, and S; (Fig. 5). Comparing double difference spectra and
taken between the f2(S3) spectra and f1(S») spectra at 6 T, where both
Sz and S; are saturated and those taken at 2 T where only S; is saturated
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allows extraction of an OEC-based S; spectrum (see Fig. SI 3.3b), in-
dependent of any estimate of the yield of S,.

A second procedure that leads to less noisy spectra, is to use the
yield of S, as determined via a graphics-based determination of the
magnitude of the narrow and distinctive S, features remaining in f2(S;)
spectra to determine the OEC-based profile of Ss. A comparison of Sz
profiles determined by these procedures is provided in Fig. SI_3.3b.
Both procedures lead to similar very lineshapes and amplitudes. The
yield-based spectrum, determined by difference spectra taken at 2 T as
well as the saturation-based spectrum are less prone to errors but are
noisier.

The S, OEC-based spectrum, having B-term behaviour, is easily
distinguishable from other S-states. Once the Chl-a B-term component is
accounted for, the S, OEC-based profile can be distinguished from both
cytochrome signals and other S-state OEC-based components, which
become largely saturated at 5T and 1.8 K.

Having determined OEC-based S-state MCD profiles of S, and S3
using the procedures above, it becomes possible to reliably model both
the Chl-a and cytochrome MCD components by fitting these (with 3rd
order polynomials) to the yield-corrected experimental data, and sub-
sequently subtract these interfering components. Fig. 6 demonstrates
this analysis for S..

The fitted curves for cytochrome and Chl-a components determined
in Fig. 6 can, with only minor amplitude changes of the components
associated with changes in individual sample concentrations and frac-
tion of oxidised eytochromes, can be used to generate OEC-based MCD
spectra of the other S-states. The complete set of OEC-based spectra is
shown in Fig. 7. These data have better signal to noise than those
generated by double differences etc., and as the spectra contains no
components due to PS I, can be put on a PSII molar extinction scale. The
narrow S-state dependent features have a Ae between 0.5 and
4M 'em 'at5T and 1.8K.

3.4. Narrow Mn(IV) features in the near-IR MCD of model compounds

Weak, narrow MCD features, assigned to *A — °E spin forbidden
transitions of Mn(IV) have been reported [55] in the near-IR region for
a number of Mn(III)-Mn(IV) p-oxo bridged dimers. These dimers served

S, MCD
components

Chl-a -

 OEG-based S, MCD
PRI WSS NS S S RS T

750 800 850 900
Wavelength [nm]

700

Fig. 6. Near-IR MCD of the S, state (green) together with fits to the cytochrome (red) and
Chl-a (blue) components (see text). The residual OEC-based S, MCD, after these fitted
components have been subtracted, is alsa shown (dotted black).
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Fig. 7. Calibrated OEC-based near-IR MCD spectra at 5 T and 1.8 K for the S-states of PSIL
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Fig. 8. Near-IR MCD spectra of model compounds exhibiting narrow MCD features (see SI
3.4 for experimental details). Spectra are on the same ordinate scale as Figs. 6 & 7 whilst
being extended (yellow shaded region) to where MCD measurements are precluded in
PSII by intense Chl-a based pigment absorptions. For comparison purposes, the green
dotted line is the OEC-based MCD of the S state of PSII taken from Fig. 7 (MCD not to
scale).

to model MnCat, which is an enzyme that is structurally related to the
OEC. The data in Fig. 8 (see SI_3.4 for details) reproduced measure-
ments on [Mn,0,(bpy)4]** at higher sensitivity, as well as providing
data on a more recent synthesised MnCat model, DNTE [56]. The latter
dimer exhibits a weak narrow band at 880 nm. Also shown in Fig. § are
MCD measurements of the Mn cubane oligomer cubium™, which serves
as a model compound for the OEC [57]. This system exhibits two
narrow MCD features, at 683 nm and 709 nm. This observation is
consistent with there being two distinct Mn(VI)s in this system.

a5
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Table 1
S-State spin-flips.

S state A/nm Wavenumber/cm ! FWHM/nm Ag/M™'em™!
5T1.8K
8 770 13,000 12 (-)06
800 12,500 20 (+)05
Sa 749 13,400 13 (+)1.7
773 12,900 14 (-)3.0
808 12,400 20 (+)07
S 764 13,100 20 (=14
(770-850)" 13,000-12,000 = 25 (=115

* No clear peak; likely composite.
4. Discussion
4.1. Spectral assignments and the nephelauxetic effect

A key characteristic of the OEC S-state dependent MCD spectra in
the Sy, S» and S states is that they exhibit features with FWHM widths
of only 10-20 nm FWHM (Table 1).

These bands are far narrower than spin-allowed d-d bands of Mn(III)
or Mn(IV) which typically have widths 10-20 times larger. Many spin-
forbidden bands are also comparably broad. However, the exception is
spin-flip d-d bands, which represent inversions of a single spin within a
single orbital configuration and are, by contrast, narrow.

The lowest-energy orbital configuration of the octahedral d* ion is
tzga. The lowest energy term is then 4Ag, in which each of the three t,,
electrons are parallel. The first excited state is zEg and it has the same
orbital configuration as the ground state, tzgz, with one electron spin
‘flipped’. This excitation derives its energy from the change in electron
repulsion amongst the tz, electrons upon inverting a spin and is affected
little by energy changes in low symmetry splittings of t2; and e, orbitals
(which are determined by ligand fields). As the orbital configuration in
a spin-flip excitation is not changed, there is little nuclear displacement
between the ground and excited state. Consequently, the dominant
intensity resides in the purely electronic excitation with little intensity
occurring in vibrational sidelines. This purely electronic nature ensures
spin-flip excitations narrow.

Although spin-flips are ligand-field independent, it was recognised
long ago that their excitation energy varied significantly with the
nature of the ligands co-ordinating the metal [58]. F coordination led
to excitation energies closest to that of the corresponding atomie, gas
phase excitation of the free ion whilst Cl', NH; or I coordination lead to
a gradual reduction of the spin-flip excitation energy. This nephe-
lauxetic effect was attributed to the ‘hard’ or ‘soft’ nature of ligands and
specifically to their ‘cloud-expanding’ effect on d-orbitals. The sim-
plistic rationale is that electronic wavefunction delocalisation leads to a
reduction of the d-electron repulsion terms that define the spin-flip
energy. The nephelauxetic effect is larger for metals of higher valence.
This is clearly shown in a series of d® systems with increasing metal
charge [59]. Nephelauxetic effects in Mn(IV) complexes are thus larger
than those in equivalent Mn(IIl) systems.

For Mn(IV) in a crystalline F* environment, sharp 2E — *A emission
occurs near 623 nm [60]. Mn(IV) doped oxides exhibit “E — *A emis-
sion over the 700 nm — 720 nm range [61]. For Mn(IV) an octahedral
0-(Se0,) environment in Mn(Se0Q,),, the same transition occurs at
755 nm [62]. MCD spectra of the monomeric Mn(IV) complex mole-
cular [MnIV(OMe)s(Me;TACN)] " reports [62] a spin-flip feature at
715 nm. Very recently, 2E — #A emission of a bis-(tris(carbine) borate)
complex of Mn(IV) which has C-(carbine) coordination has been re-
ported [64] at 828 nm.

Spin-flip transitions for both Mn(IIl) and Mn(IV) are well docu-
mented in a series of molecular oxo-bridged dimer model compounds of
MnCat [55]. The Mn(IlI) spin-flips occur in the 500 nm-550 nm spec-
tral region, whereas Mn(IV) spin-flips occur near 806 nm, the latter
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having widths of = 10-20 nm. We have repeated measurements on the
[anoz[bpy)4]3* dimer and made measurements of an additional
dimer, DTNE. These data are shown in Fig. 8 and our measurements for
the former system confirm the previous experimental results.

The examples above establish that the “A — ?E spin-flip in Mn(IV)
systems occur in the range 620 nm to 880 nm. Although the overall
trend is clear, with F~ ligands leading to the highest energy case and
other ligands lower, it is not immediately clear why cubium ™ with both
P-(phosphinate) and O-(cubane-oxo bridge) ligating atoms has spin-
flips at quite high energy nor why the [MnIV(OMe);(Me,TACN)]™
complex with three N-(TACN) and three O-(OMe) ligating atoms has a
higher energy transition than Mn(Se0,), which has six O-(SeQ,) li-
gating atoms.

A recent review on the nephelauxatic effect [65] has reiterated the
point that there are clear anomalies in attributing the effect simply to
delocalisation of d electrons. An alternative approach is to attribute the
effect to the polarisability of ligands rather than delocalisation. A dif-
ferential nephelauxetic effect has been reported between t; and e or-
bitals [66]. This work also indicates a quasi additivity of the nephe-
lauxetic shift in a series of hexadentate complexes in which the ratio of
ligating N to S atoms is varied. A beautiful example of a quasi-additivity
of shifts is provided by the study of series of mixed Ni(II) doped bro-
mides/chlorides [67]. An analysis of the relativistic nephelauxetic ef-
fect establishes that spin orbit coupling on a metal can be significantly
reduced [68] via this process.

Spin-flips in the Mn,CaOjy cluster (Table 1) occur over a relatively
small part of the overall range seen for the Mn(IV) systems discussed
above. The data in Table 1 show two similar energy peaks in both S,
and S, i.e. at = 770 nm and = 800 nm. These are provisionally assigned
to the Mn2 and Mn3 atoms of the cluster, as they do not change their
valence in passing from S, to S, within the dominant OEC model. The
additional sharp positive peak created at 749 nm in S5, is then assigned
to Mn4. More definitive assignments would be greatly assisted by MCD
measurements on the near-IR illuminated forms of S; and S;. Our
samples showed low yields of these conversions (S1_3.2). The S,-g4 state
shows the emergence a broad putatively Mn(III) d —d band, which
could then be associated with Mn4, but more detailed spectra are re-
quired.

4.2. Magnitude and sign of spin-flip MCD

The rationale in 4.1 points to an assignment, based on energetics,
bandwidths and model compounds, which confirm the narrow bands
seen in OEC MCD of the PSII in the 710 nm-800 nm region as spin-flips
of Mn(IV)s. The spin-flip absorption intensity for an isolated Mn(IV)
species (not magnetically coupled to other ions) is weak, gaining in-
tensity through spin-orbit coupling to spin-allowed transitions. The
*A — %E spin-flip, which can be extremely sharp in some systems, is
often only seen in emission. It is far more difficult to see in absorption.

In PSII and in the model compounds of MnCat, spin-flips are clearly
visible in MCD. At low temperature and high field conditions, the molar
extinction is in the range Ae = 0.1-3 M~ Yem ™! (Table 1). Absorption
cannot be greater than 2xAA as by definition, AA = A;-Ap and A =
(Av + Ag)/2. Thus PSII spin-flips must have ¢ > 0.2M~'cm™ L. The
ratio AA/A > 0.1 in MCD is rarely exceeded, and ¢ is likely to be
=2M 'em ' or higher. Even at this intensity, the absorbance due to
the OEC in our sample would not exceed 5 x 10~ ° and thus be sig-
nificantly weaker than vibrational overtone features exhibited by the
sample.

The relatively strong absorption intensity implied from the intensity
of MCD in PSII (and MnCat model compounds) for Mn(IV) spin-flips,
arises from the magnetic exchange-coupled electric dipole mechanism
[69]. This process is known to dramatically enhance spin-forbidden
absorption by compensating the spin change upon electronic excitation
of one metal centre by simultaneously changing the spin level of the
exchange coupled dimer (or cluster), so that the total AS = 0 spin
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selection rule for optical excitation is preserved [70].

The absorption mechanism and thus MCD associated with such an
exchange-coupled enhanced absorption process is quite distinct from
that arising from the normal, single-centre (spin-orbit mixing with spin-
allowed states) process. A summary of some of the concepts involved is
given in SI_4.2. The consequences of the exchange-coupled mechanism
are that not only the intensity of a spin-flip absorption dramatically
increases, but also that the relative magnitude of MCD to absorption
(AA/A) can vary. Even the sign of the MCD can reverse.

The VTVH MCD behaviour exhibited in magnetically-coupled sys-
tems is inherently complex but also is both distinctive and informative.
In PSII, each Mn in the Mn,CaOg cluster is coupled to the other Mn
atoms via exchange parameters |J | of the order of 0.1-50 cm ™ ' and the
coupling can be either ferromagnetic (J > 0) or antiferromagnetic
(J < 0). These couplings lead to a (magnetic) ground state of the
cluster having a particular net total spin value in its lowest magnetic
state. This spin value is often determinable through EPR measurements.
There will also be a number of (magnetically) excited states of the
cluster in which the total spin changes, and these will become popu-
lated at higher temperatures. In our MCD measurements, the applied
magnetic field is varied between 0 and 6 T. This can lead to Zeeman
shifts that are larger than the energy separations in the exchange cou-
pled ladder of the cluster. Zeeman shifts can lead to spin sub-levels of
higher excited states being populated at 1.8 K or even becoming the
lowest state. An example of this type of behaviour is given in our
analysis of the S, state, where J = — 0.2 cm™ '. The system is nomin-
ally diamagnetic but becomes effectively paramagnetic in
fields = 0.2 T.

An instructive example of the influence of magnetic exchange
coupling on MCD is provided by the study [16] reported for three
isomorphous molecular dimers containing two metal ions. The metal
dimers are I Cr(III)-Zn(11), IT GA(IID)-Ni(II), OI Cr(IID-Ni(I). Zn(1I) and
GA(Il) are diamagnetic, absorbing minimally through the visible
spectral region. Spectra of I and II report the d-d MCD of magnetically
isolated Cr(IlI) and Ni(II). The MCD of III is not however a simple sum
of MCD spectra of I and II. Using a spin Hamiltonian model, the authors
are able to account fully for the (complex) VIVH MCD of I, from
magnetic properties of I and II along with the magnetic susceptibility of
1I1.

Two observations from this study are immediately pertinent to our
work. In I, which has a magnetically isolated Cr(Ill), the *A —’E
transition (which is isoelectronic to the spin-flip in Mn(IV)) is not
visible in absorption or MCD. In the exchange coupled dimer III the Cr
(I spin-flip appears as a narrow (=15nm) FWHM feature, with
Ae = 0.5M” "em ™! under saturating conditions. Both the width and
MCD intensity of the Cr(III) spin-flip parallel the behaviour seen for Mn
(IV) spin-flips seen in PSIL

A second relevant characteristic of this work is that the MCD of the
lowest energy spin-allowed Ni(II) transition (the *T, manifold) changes
in both sign and magnitude in going from the isolated case II to the ex-
change-coupled case III. The VTVH behaviour of 1II is described as
‘stunningly complex’. A synopsis of the phenomenon is that a) the
amplitude and non-linear VTVH behaviour of MCD seen for d-d tran-
sitions in open shell metal systems depends critically on spin-orbit
coupling at the metal centre undergoing the excitation and b) magnetic
coupling of a particular metal centre to other magnetic ion(s) can serve
to alter both the magnitude and direction of spin experienced at the
centre, i.e. its spin projection. This change in spin projection can then
manifest in changes in the MCD magnitude, as well as sign. The spin-
Hamiltonian analysis also requires the exchange coupling in the excited
state to be incorporated, as well as the direction and magnitude of the
electronic transition moments.

In PSII, each Mn(IV) will experience a particular projection of the
cluster total spin, relative to its (local) transition moment directions.
This will vary with S-state. Each Mn(IV) spin-flip will have an absorp-
tion strength (and direction of its optical transition dipoles) according
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to the effectiveness of the exchange coupling processes that overcome
the spin-forbidden nature of the transition. Measurements of the in-
tensity and sign of each individual spin-flip can then provide, through
an appropriate analysis, details of the exchange coupling components
within the cluster.

5. Conclusions

MCD measurements in the near-IR region of PSII cores of T. vul-
canus, between 710 nm and 900 mm, are shown to provide a distinctive
optical signature in each metastable S-state. Each S-state has its own
MCD spectral profile as well as VTVH behaviour. This new window
provides valuable information on both the electronic structure of and
magnetic coupling within the Mn,CaOs cluster as it transits through the
catalytic Kok cycle of water oxidation.

There remains little doubt that the narrow features seen for OEC
based MCD are due to *A — E spin-flips of Mn(IV) ions. The sign,
magnitude and field dependence of these features depend on rather
complex aspects of exchange coupling within the Mn,CaOs cluster.
Modelling of the relative positions of the *A — “E bands by utilising
computational chemistry techniques [71] needs to be developed. This
will help identify the detailed local nature of each Mn(IV). However,
modelling the sign, magnitude and general VIVH behaviour may re-
quire an extension of the (dimer) spin-Hamiltonian model to a cluster
model. A significant number of parameters may need to be derived
computationally.

The weak diamagnetism seen for the S, state, analysed to have a
paramagnetic level =0.4cm™ ' above the diamagnetic ground state,
compares to a value of 1.7 cm ™ ! reported from EPR measurements
using PSII sourced from spinach. The lack of any ‘spin-flip’ or other
paramagnetic OEC based feature in S, MCD does not exclude the pre-
sence of a Mn(IV) in S; as it may be either significantly weaker and/or
lie outside the optical window available.

We see no evidence for any broad, temperature-dependent transi-
tions in any of our (non-IR illuminated) OEC based MCD spectra, at a
sensitivity level of = Ae of 0.06 M™'em™ ! under saturation condi-
tions. If present in the 710 nm - 850 nm region, one would expect to be
able to see spin-allowed MCD of d-d transitions of Mn(IlI). This implies
that low symmetry d-orbital splittings of Mn(III), which are responsible
for the bands seen in the 700 nm — 800 nm region of the MnCat sys-
tems and model compounds, are at higher energies in T. vulcanus PSIL

Our assignment of two and three spin-flips, and thus at least two or
three Mn(IV) sites in S, and S, states respectively, is consistent with the
dominant ‘high-paradigm’ model [72,73,44,7,74] of the OEC. EPR
changes induced by near-IR illumination of S, or S; states may now
considered to be influenced by excitation spin-forbidden excitations of
Mn(IV)s.

Having established the feasibility and utility of S-state dependent
MCD spectroscopy, now heralded is the opportunity to make parallel S-
state dependent MCD measurements on any of the wide range of
modified PSII core preparations, especially those targeting the critical
and malleable S; state. MCD measurements of PSII derived from other
organisms will also be invaluable. An immediate example would be to
study S, in Synechosystis sp. PCC 6803, where highly structured EPR has
been reported [75]. Another would be to measure S, MCD in a sample
in which methanol has been added. Methanol has been shown to sig-
nificantly affect the S, EPR of spinach [51].
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5.1.1 Introduction to Publication 2

Chlorophyll a is the most ubiquitous chlorophyll found in photosynthesis. It uses
red light (~680 - 700 nm) to convert sunlight into chemical energy. Light with
wavelengths longer than this is considered to not have enough energy to drive
photosynthesis. As such ~ 700 nm is considered to be the “red limit” of

photosynthesis.

Chrococcidiopis thermalis is a cyanobacteria that produces the far-red absorbing
chlorophylls f and d when grown under red light (see section 1.4.1). PSI and PSII
in this organism both contain these chlorophylls. A range of biophysical
techniques, including low temperature optical spectroscopy, were used to
determine the location and function of these red chlorophylls within the
photosynthetic complexes and thus determine if photosynthesis was being

performed beyond the red limit.

5.1.2 Key findings from Publication 2

The key finding of this publication is that photosynthesis is being performed
beyond the red limit. Long-wavelength chlorophylls are found in the reaction
centres of both PSI and PSII in C. thermalis. Specifically, the primary donor, Chlps,
in PSII is a far-red chlorophyll absorbing at ~727 nm and one or both primary
donors, A1a and Ai1s are chlorophyll f in PSI absorbing at ~745 nm. As such, the
red chlorophylls are actively involved in photochemistry using light that is

generally considered to have insufficient energy for this process.

The low temperature optical spectroscopy measurements were critical in coming
to this conclusion. In particular, the CD and MCD spectra enabled the
characterisation of the absorption bands of the individual far-red chlorophylls,
yielding information about the number of far-red chlorophylls present and their
optical properties. Furthermore, electrochromic shift spectra contributed
evidence of the presence of at least one far-red chlorophyll in the reaction

centres of both PSII and PSI and assisted in identifying its location.
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PHOTOSYNTHESIS

Photochemistry beyond the red limit
in chlorophyll f-containing

photosystems

Dennis J. Niirnberg'*, Jennifer Morton®, Stefano Santabarbara®, Alison Telfer',
Pierre Joliot*, Laura A. Antonaru', Alexander V. Ruban®, Tanai Cardona’,
Elmars Krausz®, Alain Boussac®, Andrea Fantuzzi'*, A. William Rutherford"*

Photosystems | and Il convert solar energy into the chemical energy that powers life.
Chlerophyll a photochemistry, using red light (680 te 700 nm), is near universal and is
considered to define the energy “red limit” of oxygenic photosynthesis. We present
biophysical studies on the photosystems from a cyanobacterium grown in far-red light
(750 nm). The few long-wavelength chlorophylls present are well resolved from each other
and from the majority pigment, chlorophyll a. Charge separation in photosystem | and

Il uses chlorophyll f at 745 nm and chlorophyll f (or d) at 727 nm, respectively. Each
photosystem has a few even longer-wavelength chlorophylls f that collect light and pass
excitation energy uphill to the photochemically active pigments. These photosystems
function beyond the red limit using far-red pigments in only a few key positions.

xvgenic photosynthesis uses chlorophyll a

(chl a) to convert visible light into chem-

ical energy. The photochemically active

pigments of the two photosystems, pho-

tosystem [ (PSI) and photosystem I1 (PSII),
at 700 nm and 680 nm, respectively, represent
the energy available for photochemistry (1-3)
(see supplementary text S1). This was consid-
ered the “red limit” (4), the minimum energy
required for oxygenic photosynthesis, until it
was found that a eyanobacterium, Aearyochloris,
extends this limit by using chl d, a pigment ab-
sorbing at a wavelength 40 nm longer than chl a
(5, 6). Acaryochloris photosystems are dominated
(~97%) by chl d with one or two chl a located
in key positions (6, 7). More recently, chl f, the
longest-wavelength chlorophyll known, was dis-
covered (6, 8, 9). Chl f exists as a minority pig-
ment in photosystems that contain ~90% chl a.
Chl f is generally assumed to play a purely light-
harvesting role, needing heat in the environment,
the product of the Boltzmann constant and the
temperature (kT), for uphill excitation transfer
to chl a for photochemistry to occur (5, 6, 10-13)
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[see, however, (14)]. Thus, the presence of chl {
in these photosystems was not considered an
extension of the photochemical red limit. Here,
we report data that change that view, showing
that long-wavelength chlorophylls perform
the photochemistry in both photosystems.
Chroococcidiopsis thermalis, a widely spread
extremophile cyanobacterium, when grown under
750-nm far-red light (FRL), contains ~90% chl a,
~10% chl f and <1% chl d. The absorption and
fluorescence spectra of the cells were shifted
to longer wavelengths with a new absorption
peak at 709 nm (Fig. 14) and 80-K fluorescence
at 740, 753, and 820 nm, suggesting changes in
both photosystems (Fig. 1B) [see (10, 15)]. These
data and decay-associated fluorescence (fig. S1)
indicate that the FRL chlorophylls are the dom-
inant terminal emitters and are present in es-
sentially all the photosystems [see also (9, 10)].
The wavelength dependence of PSI and PSIT
activity (action spectra) in FRL cells were red-
shifted (Fig. 1C), with new peaks at 745 nm for
PSI and 715 nm for PSIL The action spectra
correspond well to the absorption spectra of
the isolated photosystems (Fig. 1C). P;n,"" for-
mation with far-red light was more efficient in
FRL cells (Fig. 1D, right). Primary quinone (Q,)
reduction under far-red excitation in white-light
(WL) cells was slow and incomplete, but in FRL
cells it was very rapid, faster than in WL cells
with visible excitation (Fig. 1D, lower middle).
0, evolution under far-red light reached the
same level as seen under visible light in WL cells
(see supplementary text S2).
Thermoluminescence (TL) from 8,Qy" (Fig. 2A)
and S,Q," (fig. S2A) (I6) in FRL thylakoids is
enhanced by a factor of >25 compared with WL

15 June 2018

thylakoids. TL arises from repopulation of the
excited state of the primary donor chlorophyll,
#Chlyy, by charge recombination, which then emits
at the same wavelength as the prompt fluores-
cence (I7). The enhancement in TL intensity
in FRL PSII indicates a decrease in the energy
gap between the precursor charge pair and the
luminescent excited-state chlorophyll (17), con-
sistent with a lower-energy, longer-wavelength
primary donor/emitter (supplementary text S3).
Recombination takes place at temperatures close
to those seen in the WL PSII, and the flash-number
dependence is nearly identical to that seen in WL
PSIL, indicating no obvious change in the yields
of charge separation and stabilization (fig. S2B).

PSII activity, measured as the rates of Q,
reduction at 293 (Fig. 2B, inset) and 77 K
(Fig. 2B) and as the rate of B-carotene cation
radical formation at 15 K (18, 19), were com-
parable with red and far-red excitation (Fig. 2C
and fig. $3). A purely antenna role for chl
(5, 6, 10-13) would require that heat (/pT) drives
the excitation from the shortest-wavelength
chl f (~720 nm) uphill to Py, the chl a primary
donor. The /T at room temperature (293 K) is
26 meV and too small to cover the ~100 meV
energy gap between 720 and 680 nm. Although
some overlap of the absorption bands could
allow this process to occur inefficiently at 293 K,
thermally induced excitation transfer will be-
come vanishingly weak at 77 K (kpT = 6.6 meV)
and 15 K (fyT = 1.3 meV) (supplementary text
54). The matching rates for PSII photochemistry
with red and far-red excitation at cryogenic tem-
peratures indicate that a FRL chlorophyll is in-
volved in primary charge separation.

‘When the Pheop,” is trapped by illumination
in the presence of a reductant (20, 2I) the light-
minus-dark difference spectrum exhibits the ex-
pected bleaches at ~546 and ~680 nm (Fig. 2D)
due to the disappearance of the Pheoyy, Q, and
Q, absorptions. In WL PSII, the charge on
Pheoyy,” induces a blue shift of the Chly, Q, ab-
sorption at ~680 nm. This electrochromic shift
dominates the difference spectrum (20, 21) but
is notably absent in the FRL PSII (Fig. 2D). In-
stead, a marked blue shift at ~720 nm is seen.
This indicates that Chly, is a long-wavelength
chlorophyll in FRL PSII. The smaller blue-shift
feature at ~669 nm is attributed to Pp/Ppa.

When Q. is trapped by illumination at 77 K
(Fig. 2E), the charge created on Q" is known to
induce a blue shift of the Q, band of Chly, (21).
In FRL PSII, the Chly, blue shift typically seen
near ~680 nm (27) is replaced by one at ~727 nm.
This indicates that Chly, is replaced by a FRL
chlorophyll (Fig. 2F). The absence of the Chl,, band
shift at 680 nm allows a 685-nm red shift to be-
come evident. This corresponds to the expected
(but not previously visible) Q,"-induced shift of
the Pheopy Q, excitation (supplementary text 52).

High-performance liquid chromatography
(HPLC) indicated that the isolated PSII con-
tained 2 pheo a, 4 chl f, 1 chl d, and 30 chl a
per center, based on the 35 chl per PSII (22)
(fig. S5A). The 77-K absorption spectrum (Fig.
2E) shows four peaks above 700 nm. The 710-nm
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band is attributed to red-shifted allophycocyanins
(9, 23), based on its wavelength, variable ampli-
tude in different preparations, and absence of
magnetic circular dichroism (MCD) (fig. S6). The
1.8-K absorption and MCD spectra were fitted
with ~5 FRL chlorophylls at 721, 727, 734, 737,
and 749 nm (fig. S7).

Intrinsically, chl d absorbs at shorter wave-
lengths than chl f; thus, it is the most obvious
choice for the 721-nm pigment. This pigment
could be a linker between the primary donor at
727 nm and the shorter-wavelength antenna (sup-
plementary text S5). Given the small wavelength
difference, we need to consider the possibility that
chl d is the primary donor, Chly,,. The wavelength
(727 nm) of the primary donor is similar to the chl
d (725 nm) in this location in Acaryochloris (7, 24).

The conserved amino acid changes near Chly,
(figs. 88 and S9) suggest specific H bonding to a
formyl group on either the C2 (chl f) or C3 (chl d)

position of Chlyy,. This provides further evidence
that Chlp, in FRL PSII is a long-wavelength
chlorophyll but does not discriminate between
chl d and chl f (fig. $8). The three remaining
long-wavelength chlorophylls appear to be tuned
to span the energy gap from 749 nm up to the
photochemically active chlorophyll at 727 nm,
with gaps of 10 to 12 nm (23 to 26 meV), ap-
propriate to the value of 4T at ambient tem-
peratures (~26 meV) (see supplementary text 85
and table S1 for other pigment assignments).

It seems likely that Pp,, which bears the key
long-lived chlorophyll cation radical, remains
a chl a. This suggestion is based on (i) the pres-
ence of the blue shifts at 669 nm attributed to
Py, (Fig. 2, D and E), (ii) structural considera-
tions (figs. S8 and S12), (iii) the precedence of
chl a being Py, in Acaryochloris (6, 7, 24), and
(iv) conservation of specific chemical properties
(e.g. oxidizing power, stability, and reactivity)
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Fig. 1. Changes in the pigments and activities of the photosystems
from C. thermalis cells grown in 750-nm light. (A) Absorption spectra
and (B) 80 K fluorescence spectra of WL and FRL cells. (C) Action spectra
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without the need for major redox and kinetic
tuning. Nevertheless, sequence comparisons in-
dicate changes in the environments of cofactors
in the redox core, including Py, likely reflecting
the tuning needed to adjust to the presence of
the long-wavelength pigment. (see table 52 and
figs. 89 and S12 to S14).

‘When isolated FRL PSI was excited at 15 K using
610-, 730-, and 750-nm light, comparable photo-
chemistry was seen (Fig. 3A and fig. S15), indicating
that the chlorophyll absorbing at ~750 nm is involved
in charge separation. In WL PSI, 750-nm excitation
resulted in the expected low-quantum-yield photo-
chemistry (Fig. 3A) due to weak optical charge-
transfer absorption at 750 nm (supplementary text S4).

Light-minus-dark difference spectra at 293 K
in FRL and WL thylakoids are similar to those
obtained at 77 and 1.8 K from isolated FRL
and WL P8I, except for thermal broadening at
higher temperatures (Fig. 3B and fig. $16). The

PSI action spectra

A absorption

A fluorescence (a.u.)

1.04
=
o PSII
‘a 4
S 0.5 PSI 7]
u
. —a
©

ﬁéﬂ 700 720 730 TéU TéD 800

wavelength (nm)

tion spectra from isolated PSI (red) and PSII (blue); inset sucrose gradient
separating the photosystems. (D) Photosystem activities measured in
WL (top) and FRL cells using visible (black) and far-red (red points)
excitation. Left: PSI activity (Pzon™™ at 705 nm 50 ps after the flash).
Middle: PSII activity (Qa" as in C). Right: Oz evolution as a function of light
intensity. See materials and methods for details.
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main bleach is at ~704 nm with an absorption
increase at 692 nm, indicating that the cation is
located on the P,Py chlorophyll a/a’ pair, Py,
as seen in WL PSL The rest of the spectrum shows
marked differences: the sharp trough at 684 nm,
the peak at 674 nm (680 nm at 77 K), and the
trough at 656 nm (~660 nm at 77 K), all of which
are present in WL PSI (Fig. 3B and fig. S16) but
are absent in FRL PSI. Instead, several changes
appear at >700 nm (Fig. 3B). These changes can
be attributed to the replacement of chl a band

shifts in WL PSI with long-wavelength chloro-
phyll band shifts in FRL PSI. The band shifts at
>700 nm are better resolved at 77 and 1.8 K
and show a broad blue-shift feature (or two over-
lapping blue shifts) at ~745 nm, a sharp red shift at
756 nm, and a weak blue shift at 800 nm. In addi-
tion, there is a red shift at ~684 nm, which is likely
present in WL PSI but now resolved in the FRL PSL

HPLC shows that FRL PSI contains 0 pheo, 7
to 8 chlf, 0 chl d, and ~88 to 80 chl a (fig. S5B),
assuming 96 chl per PSI (25). The 1.8 K absorp-

A B
- 1.2 =
5]52Qs Q77K
- —~1.0
5 s
EI_ 64 — 0.8
o
8 : g
! 0.6
5 41 ; 4]
o 5 wn
] -~ O o4
£ 24 - F =] o
£ o \ = o — visible
E] A WL o, : red
e "ave?]| [}
0 - 0 200 400 600 800 1000)
-10 0 10 20 30 40 50 60 70 0 20 40 60 80 100 120 140
temperature (°C) time (s)
c Do
= Pheo™
3 0.
o 0.5
3 &
2 o 0
- ~—
g =
0.54
® 0.
5 g
= -1.0
w
g — far-red x 0.5
. 0 60 120 180 500 550 600 650 700 750 800 850
time (s) wavelength (nm)
2.5 F Fe
’ Qa S Qe
f2.0 .gj_ [ ) _;j-
E131,
s *1‘5-’?; “%. Pheop  Pheop;
‘a tel
5 1.0 X
a
m ro.s<
ro
0.5

550 600 650 700 750

wavelength (nm)

0
500

Fig. 2. FRL PSII photochemistry. (A) S.Qg thermoluminescence in WL and FRL thylakoids from
C. thermalis. (B) Kinetics of Qa reduction in FRL thylakoids (measured as fluorescence) at 77 K
(inset at 293 K). Samples were excited using visible (600-nm}) and far-red (710-nm) light. (C) Kinetics
of B-carotene cation radical formation in isolated FRL PSII at 15 K illuminated with visible (610-nm)
and far-red (730-nm) light. (D) Light-minus-dark visible/near-IR spectrum at 293 K upon Pheop: ™
formation in isolated FRL PSII. The 650- to 700-nm region is saturated in the main spectrum (black).
the red inset is a 2x-diluted sample. (E) 77-K abscrption spectrum of isclated FRL PSIl (black) with
the 77-K (red) and 1.8-K (blue) 725-nm illuminated-minus-dark difference spectra. (F) Cofactors in PSII
showing Chlp; as a FRL chlorophyll (circled) and potential H-bonding amino acids, based on the
crystal structure PDB 3WU2 (22).
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tion and MCD spectra at >700 nm (fig. $17) can
be fitted as follows: 1 chl f at 736 nm, 3 chl f at
~745 nm, 1 chl f at 756 nm, 1 chl f at ~763 nm,
and ~2 chl f at ~800 nm (fig. S18). In addition,
a chlorophyll feature at 709 nm is suggested to
be a long-wavelength PSI chl a.

Based on the crystal structure (25), the differ-
ence spectra (Fig. 3B and fig. 516), the low-
temperature photochemistry (Fig. 3A and fig. S15),
and structural arguments (figs. S8 and 519), the
following model emerges for the FRL PSI redox
cofactors: (i) P, and Py remain chl a/chl a' and
bear the Py, cation. (i) Ay, and Agp, the pri-
mary acceptors (7, 26), remain chl a, because
the redox properties of chl f (23) make it un-
suitable for a low potential role. This fits with
the assignment of the ~684-nm red shift to A,
(Fig. 3B) [see (26)] and with A, being chl a in
Acaryochloris (24). (iii) One or both of the pri-
mary donors, Ay, and Ay (27), are chl f in FRL
PSI, absorbing at ~745 nm. The difference spec-
tra seem to arise from overlapping blue shifts
at this wavelength, replacing the dominant
~684-nm blue shift in the WL PSL A, and A,y
are the only redox-active chlorophylls oriented
to allow a blue shift. Possible locations of the
six chl f antenna are discussed in the supple-
mentary materials (supplementary text S6).

The far-red photosystems studied here repre-
sent a third paradigm for oxvgenic photosyn-
thesis (supplementary text S1). The first is the
canonical type that use chl a for both charge
separation and antenna absorption. The second
is that of Acaryochloris, where chl d replaces all
chl a for both photochemistry and light har-
vesting, with the exception of chl a being retained
in two key redox roles: Pp;, where Pp,™" is the
principle oxidant of PSII, and A,, where A;™
is the principle reductant in PSL. The new para-
digm maintains chl a in nearly all positions
except for a small number of chl f molecules
(plus one chl d in PSII). These long-wavelength
chlorophylls act as (i) the primary electron do-
nors in both photosystems, (ii) linkers to shorter-
wavelength antenna pigments, and (iii) a small,
longer-wavelength antenna system. The far-red
photosystems provide well-resolved absorption
spectra at long wavelengths due to the decreased
spectral overlap, which allows more definitive
assignments and analyses.

Chl f can absorb at >760 nm, yet the wave-
length used to drive photochemistry in the FRL
PSII is ~727 nm (fig. $20). This wavelength is
similar to that of the chl d primary donor (Chly,))
in Aearyochloris PSII (6, 7, 24). Thus, both of the
known cases of PSII functioning “bevond the
red limit” use primary donors with similar ener-
gies. This may represent a “second red limit” for
PSII, one that applies in the stable, deep-shade
environments where far-red photosynthesis occurs
in nature. The ~110 meV of energy sacrificed
by the shift from ~680 to 727 nm may corre-
spond to the energy “headroom” needed by PSIT
to mitigate the photodamage caused by variable
light intensities (3, 28, 29). This potential dis-
advantage may explain why oxygenic photosynthesis
using far-red light is restricted to rare, deep-shade
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6.1.1 Introduction to Publication 3

Publication 3 is a further study on the location of far-red-light absorbing
chlorophylls in the PSII reaction centre of Chrococcidiopis thermalis. Publication 3
follows on from publication 2. One of the key conclusions of publication 2 is that
the primary donor in the reaction centre of PSII in C. thermalis is a far-red
chlorophyll absorbing at 727 nm. Publication 3 uses a combination of CD, MCD and
electrochromic shift spectra as well as spectroscopic modelling to further refine
the location and function of the far-red chlorophyll (either d or f) in the centre of

PSIL

Particularly critical for the conclusions of this paper were the electrochromic shift
spectra and the CD. Modelling of electrochromic shift spectra can yield
information about the location of pigments relative to photo-generated charges
within a pigment-protein complex and thus be used to link absorption features to
specific pigments within a complex. Modelling for this publication was performed
by Martyna Judd using a model described in Cox et al. [46]. Figure 2.6 shows a
simplified model of an electrochromic shift spectrum containing two
chromophores. CD spectroscopy can yield structural information such as the
strength of interaction between pigments and how they interact with their nearest

neighbours.

6.1.2 Key findings from Publication 3

This publication confirms the conclusion that the chlorophyll absorbing at 726 nm is
the primary electron donor. The absorption peak at this wavelength hasa 21 +4 cm”
! electrochromic shift arising from the photoproduction of the semiquinone ion Qae".
Detailed modelling of this electrochromic shift shows that both Chlp; and Pp; are
located at a distance and orientation relative to Qae®" such that either could account

for the observed electrochromic shift.

The CD signal at 726 nm is of a magnitude that suggests that the pigment in question
is relatively strongly coupled to a neighbouring pigment. Pp; is a good candidate for

this. In contrast, according to our modelling, Chlp:1 has negligible CD. Such an
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observation favours Pp; as the primary donor. This is the first experimental evidence
that Ppz could be the primary donor in C. thermalis. This surprising result needs to be
further explored with more experimental and calculational work. This publication
demonstrates the efficacy of using multiple optical spectroscopic techniques and
modelling on the same sample to obtain detailed structural and functional

information.
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The primary donor of far-red photosystem II: Chlp; or Ppy? m
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Robin Purchase”, Nicholas Cox”, Flmars Krausz™"
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ARTICLE INFO ABSTRACT

Far-red light (FRL) Photosystem II (PSII) isolated from Chroococcidiopsis thermalis is studied using parallel
analyses of low-temperature absorption, circular dichroism (CD) and magnetic circular dichroism (MCD)
spectroscopies in conjunction with fluorescence measurements. This extends earlier studies (Nurnberg et al 2018
Science 360 (2018) 1210-1213). We confirm that the chlorophyll absorbing at 726 nm is the primary electron
donor. At 1.8K efficient photochemistry occurs when exciting at 726 nm and shorter wavelengths; but not at
wavelengths longer than 726 nm. The 726 nm absorption peak exhibits a 21 + 4 cm ! electrochromic shift due
to formation of the semiquinone anion, Q4+ ~. Modelling indicates that no other FRL pigment is located among
the 6 central reaction center chlorins: Py, Py Chlp,, Chlp,, Pheop, and Pheops. Two of these chlorins, Chlp, and
Py, are located at a distance and orientation relative to Q4+~ so as to account for the observed electrochromic
shift. Previously, Chly,, was taken as the most likely candidate for the primary donor based on spectroscopy,
sequence analysis and mechanistic arguments. Here, a more detailed comparison of the spectroscopic data with
exciton modelling of the electrochromic pattern indicates that Py is at least as likely as Chly; to be responsible
for the 726 nm absorption. The correspondence in sign and magnitude of the CD observed at 726 nm with that
predicted from modelling favors Py as the primary donor. The pros and cons of Ppy vs Chlp, as the location of
the FRL-primary donor are discussed.

Keywords:
Photochemistry

Phatochemical charge separation
Exciton coupling

Circular dichroism

Magnetic circular dichroism
Fluorescence

Electrochromic shift

1. Introduction apparent loss of the usual dominant blue-shift at ~685 nm attributed to

the chl-a Chlp; ¢) The presence of amino acid sequence changes in the

Oxygenic photosynthesis in the cyanobacteria Chroococcidiopis
thermalis, when grown in far-red light (FRL), is based on photo-
chemistry occurring on chl-f or chl-d [1]. This constitutes an unexpected
new paradigm in photosynthesis. Photosystem 1I core complexes (FRL-
PS 1I) of C. thermalis contain 4 chl-f molecules and 1 chl-d, whilst the
majority (~30) of the chlorin pigments remain as chl-a.

The original spectroscopic studies of the isolated FRL-PS II provided
a model in which one of the long wavelength pigments (FRL-chl) played
the role of the primary donor, whilst the 4 remaining FRL-chls served as
long wavelength antennas [1]. The primary donor was identified [1] as
Chlp; based on the following evidence and arguments: a) trapping of
Pheop; -~ at room temperature resulted in electrochromic changes at
720nm and the apparent loss of the usual dominant blue-shift at
~685 nm attributed to chl-a Chlp;; b) Qa- formation at low tem-
perature resulted in electrochromic changes at 725 nm and again the

FRL-D1 protein conserved in all known FRL-D1 sequences, which were
modelled as potential H-bond donors to the ring I formyl group of either
chl-d or chl-f in the Chly, location [1]; d) in Acaryochloris marina, a
similar bandshift was seen (as well as similar H-bonding amino acids)
already attributed to chl-d at the Chly, location [2]; e) functional ar-
guments based on Chly, taking the primary donor role in canonical chi-
a-PSII (see e.g. [3-7]); ) The chemical properties of chl-f [8] and the
redox properties [9] of both chl-d and chl-f favor its location on Chlpy,;
(see below and [1]).

The reaction center of chl-a-PS 1l contains 2 pheo-a and 6 chl-a
molecules. Pp; and Pp; have partial ring overlap, forming a chlorophyll
pair that is the counterpart of the “special pair” in purple bacterial
reaction centers. The Ppy/Ppz exciton coupling term in PS II [10] at
158 cm ' is far smaller than the ‘special pair’ coupling of ~900cm '
determined for Rhoropseudomenas viridus [11]. Chly; and Chly, are

Abbreviations: chl-a-PS 11, canonical chlorophyll-a based photosystem II; FRL-PS II, far-red light grown PS II; CD, circular dichreism; MCD, magnetic circular
dichroism; chl-a, chlorophyll-a; chl-d, chlorophyll-d; chl-f, chlorophyll-f; FRL-chl, far-red light chlorophyll (chlorophyll-d and/or chlorophyll-f); SI, supplementary
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Fig. 1. Low temperature absorption, CD, MCD and fluorescence spectra (as indicated) of chl-a-PS 1I from T. vulcanus (left, adapted from reference [20]) and FRL-PS 11
of C. thermalis (right). Corresponding spectra are set to the same integrated Q, absorption strengths.

counterparts of the monomeric bacteriochlorophylls, B, and By, of the
bacterial reaction center; they are sometimes anomalously referred to
as “accessory pigments” despite the demonstrated role Chlp, (and By)
has in primary charge separation [3]. The two pheo-a pigments, Pheop,
and Pheopy, are also core pigments, with Pheop, having a key electron
acceptor role. ChlZp, and ChlZp; are not part of the central group of 6
chlorins as they are peripheral and mainly play light-harvesting roles,
although ChlZy, is part of a side-path electron donation system that
works at low quantum yield under some circumstances [12,13].

Pp, was not considered as a candidate for the primary donor role in
FRL-PS II although it is oriented and located in a way that can give rise
to an electrochromic shift very similar to that calculated for Chly,. Here
we examine the possibility that Py, is the primary electron donor in
FRL-PS II.

2. Materials and methods

FRL-PS 1I samples were prepared as described in [1].

All spectra were taken on a single, purpose-built multifunctional
apparatus [14] built around a 0.75M Czerny-Turner spectrometer
(Spex) and a superconducting magnet cryostat (Oxford Instruments SM-
4). The system is able to simultaneously record absorption, CD and
MCD spectra at temperatures between 1.8 K and 300 K. This system also
can be rapidly reconfigured to measure emission and excitation spectra,
without disturbing the cryogenic sample.

The apparatus has a sample handling system [15,16] that minimizes
exposure of the sample to oxygen and ambient light, whilst allowing
rapid cooling of a room temperature sample to cryogenic temperatures
under controlled conditions. Samples were visualized with a near-IR
light (> 780nm) sensitive camera at either room temperature or at
cryogenic temperatures. The presence of bubbles, cracks or defects in
the prepared sample could be immediately determined without indu-
cing any photoconversion of a dark-adapted sample.

The PSII samples contained cryoprotectant glycerol/ethylene glycol
(1:1) at a final concentration of 45% (v/v). Prior to dark adaption,
samples were loaded under low light into specially designed [16]
strain-free quartz optical cells of 500 pm, 200 um or 50 um pathlength.
The PSII samples were then dark-adapted for 5 min before being rapidly
cooled.

The light source for the absorption measurements was a highly
stabilized 250 W quartz-halogen lamp. The fluence of the measurement
light at the sample was reduced to a point that absorption measure-
ments did not induce a significant degree of Q, reduction in the PS II
sample. This was established by determining that there was no sig-
nificant difference between two successive absorption measurements.
The necessary reduction in measurement light seen by each PS II as-
sembly involved defocusing the measurement light over a large area
(~8mm diameter) sample and narrowing the slit widths of the mono-
chromator, whilst using a large area high quantum efficiency

Hamamatsu R 669 photomultiplier to detect the transmitted light [17].
Electrochromism was induced with a highly stabilized 250 W quartz-
halogen lamp passed through either a green bandpass filter combined
with a 10em pathlength water filter to provide 1-2mW of broad
spectrum green light, or through an optical system [14] based on a Spex
Minimate 0.25 M double monochromator, providing 6-8 pW of light in
the 600 nm - 760 nm range and having a bandwidth of 2.4 nm FWHM
(see Fig. S2), or a Schwartz EQ Ti:S laser pumped with a 532 nm
Continuum Verdi G.

CD and MCD measurements required much higher measurement
light levels. It is not possible to measure useful CD or MCD spectra and
maintain the sample in the Q4 state [18]. Thus, samples were illumi-
nated with green light (3005 at 1-2 mW/em?) forming the Q,-~ state
prior to the measurement [19] to minimize actinic effects during the
course of CD and MCD measurements.

Emission was excited with the highly stabilized lamp and Spex
Minimate system described above and then detected through the same
0.75M Czerny-Turner spectrometer as the absorption with a
Hamamatsu R 943-02 photomultiplier tube.

Data were analyzed using IGOR pro software and calculations were
made using MATLAB.

3. Results and discussion
3.1. Canonical chl-a-PS I and FRL-PS Il comparisons

Fig. 1 provides a comparison of low temperature spectra of FRL-PS 11
core complexes of C. thermalis with those of T. vuleanus. The latter is a
well-determined chl-a containing PSIL, i.e. chl-a-PS II. FRL-PS II exhibits
a number of well-resolved absorption features in the 700-760 nm range
that are not present in chl-a-PS II, as previously reported [1]. Fluores-
cence spectra of the two systems are also significantly different (Fig. 1
and SI, Fig. 83 of [1]), with chl-a-PS II fluorescence peaking near
690 nm and the FR-PS II peaking near 752 nm.

Absorption features in the region beyond ~720 nm involve Q, ex-
citations of 4 chl-f molecules and one chl-d. Absorption integrals (see SI-
1, Fig. S1) are reasonably consistent with there being ~30 chl-a mole-
cules, 2 pheo-a pigments and 5 far-red chls in FRL-PSII, assuming the
oscillator strength of each pigment is similar. This result is in agreement
with the direct determination of the pigment content of FRL-PS II from
the HPLC analyses as previously reported [1].

3.2. Identification of the primary donor

Fig. 2 shows that 735 nm illumination at 1.8 K induces a minimal
electrochromic shift amplitude near 726 nm. At 77 K, illumination at
750 nm leads to a minimal shift amplitude whereas illumination at
735 nm leads to a small but significant shift amplitude. The small shift
at higher temperatures is attributable to the optically excited lower
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Fig. 2. The left panel shows shift and absorption spectra measured at 77 K, for low power illuminations at 750 nm followed by additional low power illuminations at
725nm. The central panel compares the 77 K spectrum for a sample illuminated for 30s with low power 6 yW/em? 725 nm illumination (green), followed by
illumination by a 1500 times more powerful, 150 mW/em? Ti:S laser, also at 725 nm for 60 s and 300 s (orange and red traces respectively). The right panel shows
difference features induced by illuminating at 1.8 K with low power 735 nm radiation, followed by low power 725 nm illumination.

energy pigment (peaking at 738 nm) leading to charge separation by
way of thermally activated access to the primary donor at 726 nm. The
energy gap between peaks at 726 nm and 738 nm is 12 nm (220 em ™).
This corresponds to ~4 kT at 77 K pointing to a possible thermally
activated primary donor occupation of ~2%. We are thus able to con-
firm that the 726 nm peak is that of the primary donor [1].

At high excitation fluences, achieved by using a Ti:S laser at 725 nm,
additional features are generated in difference spectra (central panel in
Fig. 2). Most apparent is a bleach at 749 nm, along with an absorption
increase in the 738 nm region. The bleach at 749 nm is associated with
partial oxidation of the lowest energy FRL-chl. Such photo-oxidation
processes are known [17,21]. The peak position of the increased in-
tensity component is at 739.5 nm and does not match the peak position
of the band seen in absorption. A blue-shift of this type is characteristic
of non-resonant photophysical hole-burning [22-24] although such
processes are more pronounced at lower temperatures.

3.3. Variation in allophycocyanin content of FRL-PS II and global analysis

Absorption at wavelengths longer than 700 nm is attributed pri-
marily to FRL-chl. However, there is significant absorption at the
shorter wavelength end of the 700nm to 740 nm region that can be
attributed to allophycocyanins [1]. More highly purified FRL-PS II
preparations show that the absorption feature near 715nm becomes
depleted, whereas the three other distinct features are retained. Fig. 3
shows FRL-PS II spectra of samples with different allophycocyanin
content.

The 700 nm to 715nm region of FRL-PS II shows little MCD, but

significant CD and absorption. The absorption and CD intensity in this
region vary strongly with allophycocyanin content (Fig. 3), showing it
to be dominated by allophycocyanins. The fluorescence spectra of high-
allophycocyanin FRL-PS II (Fig. 1 and SI-2, Fig. 52) exhibit a weak peak
near 730 nm, associated with emission from allophycocyanins, in-
dicating that they are, at least partially, disconnected from PSIL.

There are three well-resolved peaks in FRL-PSII spectra at wave-
lengths longer than 720 nm that are not due to allophycocyanins. These
are due to the FRL-chls. An analysis of high and low allophycocyanin
FRL-PSII samples (Fig. 3, Table S1 and SI-3) establish small changes in
the position and width of these peaks, indicating only a minor dis-
turbance of the FRL-PS II proteins associated with the purification
process.

The spectral position and width of all 5 FRL-chl Q, excitations were
determined by a parallel, information-driven, global analysis of si-
multaneously measured absorption, CD and MCD spectra, such as those
seen in Fig. 3. The MCD spectra are key to this analysis as they have no
significant contribution from overlapping signals from allophycocya-
nins. Another important characteristic of the FRL-chl Q, excitations is
the MCD amplitude relative to absorption ratio B/D which in turn is
proportional to AA/A at a specific applied magnetic field. This ratio is
known to vary and also to be indicative of the role that the pigment
takes [18,25,26]. The primary donor, in particular, exhibits a narrow
Q, exciton for which its MCD B/D value is significantly reduced (by
~50%) compared to pigments involved in light harvesting, which are
less strongly coupled to other chlorophylls [18,27]. All purely elec-
tronic excitations (which include exciton coupled Q, bands) that exhibit
B term-type MCD have line-shapes that follow the absorption profile of

5T M(y\,-\

CcD
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CD

Fig. 3. Absorption (solid black traces), MCD
(solid green traces) and CD (solid red
traces) of high and low allophycocyanin
containing FRL-PS II preparations, scaled to
the same area in MCD. A systematic ana-
lysis of the MCD (see text and SI-3) leads to
the quantification of the 5 individual FRL-
chl Qy MCD components shown in Table S1.
The MCD contribution of these 5 Q, ex-
citons are shown under the MCD spectrum
in the figure as coloured overlapping
Gaussians. The primary donor (at 726 nm)
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tions and widths of the 5 components as determined from the MCD analysis (see text and Table 51) closely follows the experimental data. Allophycocyanin absorption

components are estimated (see SI-1) as the dashed magenta curves.
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each exciton component [28-30]. Each FRL-chl is taken to have the
same integrated Q, absorption intensity. Exciton coupling-induced in-
tensity re-distribution (Section 3.3) is thus considered to be minor. The
differences in molar extinction values between chl-a, chl-d and chi-f
have been shown [31] to be relatively small in a range of solvents.
Computations at the CAM-B3LYP and SAC-CI levels (Table 2 of [31])
provide similar (to within 10%) oscillator strengths for the three
chlorins. As an approximation, we take the oscillator strength of chl-a,
chl-d and chl-f Q, excitations in the protein environment to be the same.
‘Whilst individual pigment absorption strengths are similar, the CD
amplitude of each Q, exciton component band can vary in both mag-
nitude and sign, and is determined by exciton coupling to neighboring
pigments [32]. For the purpose of this analysis, the CD bandshapes
were assumed to be the same as that of the absorption and MCD.
However, CD line shapes may follow those of their absorption features
less closely when vibrational sideline features become involved
[26,33]. The overall fit to the CD shown in Fig. 3 is less precise than
that of the absorption and MCD. This may arise partly as a result of the
influence of vibrational sideline CD. Attempts to fit the CD spectrum in
the 726 nm region with the CD component of the primary donor con-
strained to a small relative amplitude were unsuccessful. The positive
CD seen in this region is associated with the primary donor (see SI-3
and Fig. $4).

A description of the global analysis is provided in SI-3. Table S1
provides the relevant output. Very similar positions and widths for each
FRL-chl Q, MCD band were obtained from both the low and high al-
lophycocyanin samples shown in Fig. 3. The differences in linewidths
between the FRL-chl Q, features is attributed to a combination dis-
parate levels of inhomogeneity at each pigment site as well as changes
in electron-phonon coupling. There is a variation of relatively strong CD
features associated with allophycocyanins present in the high and low
allophycocyanin FRL-PS II samples which contributes to uncertainties
in determining the CD of the broader FRL-chl Q, excitons. However,
both the sign and magnitude of CD for each of the three narrow FRL-chl
Qy peaks remains well determined. This is considered in detail in SI-3. A
graphical presentation of the individual CD components, as seen for the
MCD components in Fig. 3 is given in Fig. S4.

3.4. Analysis of electrochromic shifts

Ilumination of PS II core complexes at eryogenic temperatures in-
duces metastable spectral shifts. Prominent shifts are attributed to the
formation of Q4+ . This radical anion is adjacent to Pheop, and close to
Chly,. It induces relatively large electrochromic shifts of the Q, band of
Pheop (historically named the C550 shift) [34] and of the Q, band of
Chlp, [23,35,36]. Fig. 4 shows both absorption and illumination dif-
ference spectra for a FRL-PS II sample.

These spectra are interpretable in terms of previous analyses of PS II
core complex electrochromism [23,36]. A comparison of representative
electrochromism spectra in PS II core complexes of 4 organisms is
shown in Fig. §5. In FRL-PS II the C550 shift of the Pheoy, Q, feature at
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544.5 nm is close to the position in other cyanobacterial PS II systems
[23]. In some FRL-PSII preparations (SI, Fig. S5) a bleach upon pho-
toreduction of Q, identifies (the initially reduced) cytbssq absorption in
FRL-PSII to be at 556.5 nm. The dominant blue-shift of Q,, seen at 1.8 K
near 683 nm for chl-a-PS 11 [17,37] now appears near 726 nm under
similar conditions, as reported earlier [1]. This is consistent with the
726 nm band being associated with the primary donor. In chl-a-PS II,
the Q, electrochromic shift pattern is dominated by the Pheop; and
Chlp; excitons. The site-energies of the Chlp, and Pheop; pigments are
similar and there is a significant exciton matrix element between them
(Table S3). When pigment excitations are close in energy, this matrix
element leads them to interact strongly, with intensity being transferred
between the resulting excitations [23]. Calculation of the electro-
chromism requires independent exciton computations of both Q4 and
Qa- configurations of PS 1L Electrochromic effects displace site en-
ergies significantly, causing the mixing of exciton states to change. The
situation with FRL-PS Il is different, as the primary donor is displaced to
lower energy by ~800cm ™' or more from the chl-a excitations. Thus,
the effects of the coupling matrix elements between the primary donor
and spatially adjacent pigments such as Pheop, and Pp,; are reduced by
the energy differences between them, although the matrix elements
themselves do not change.

The spectral isolation of the primary donor Q, absorption in FRL-PS
1I assists in the estimation of both its electrochromic shift and the yield
of Q- formation. The observed shift appears as a significant fraction
of the linewidth and the absorption difference spectrum does not cross
precisely at the maximum of absorption (Fig. 4) as would be the case for
electrochromic shifts much smaller than the linewidth. The analysis is
presented in SI-4 and leads to a yield of 5.5 * 0.5% and an initial
estimate of the shift at 42 + 4em™".

However, a quantitative comparison of electrochromic shift data
accumulated at 77 K and 1.8 K data taken at higher fluences with low
fluence 1.8 K data (Fig. 2), point to a shift magnitude of 42 em ™! to be
an overestimate. Instead, it seems that the pigments that photoconvert
with high efficiency are enly a subset of the total pigment population
absorbing at 726 nm. The subset is part of the inhomogeneous dis-
tribution of the primary donor excitation energies and this subset is
narrower than the total distribution and also shifted (by ~1 nm) from the
peak maximum measured in absorption. The complete analysis is pre-
sented in SI-4 and provides a value for the electrochromic shift of
21 + 4em” L

There is no observable electrochromic shift of the lowest energy
feature at 749 nm. The narrow negative feature peaking at 687.5 nm
seen in Fig. 4 is not induced by illumination at 725 nm but only with
higher energy (640nm) illumination. This feature is attributed to
electrochromism of chl-a-PS 1II present in the FRL-PS II sample as a
contaminant. The data in Figs. 2 and 4, along with the discussion in SI-4
establish that low power 725nm illumination does not induce sig-
nificant chl-a-PS 1l photochemistry, i.e. does not induce Q,- ~ formation
as measured by the characteristic Chly, electrochromic shift in the
685 nm region.
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Fig. 4. Lower left panel: 1.8K absorption
spectrum (black line). Upper left panel:
Difference spectra after 1. illumination at
725nm for 600 s with an incident fluence of
6uW/cm (magenta line), and 2. the total
change in absorption induced by the first
illumination plus additional illumination at
640 nm (blue line). Right panel: Long-wa-
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There is a smaller red shift of ~7 + 2em™ ! for the 738 nm peak.
This feature is not present at the lowest illumination fluences, see Fig. 2.
and Fig. §6. There are also shoulders near the main shift feature that
become meore pronounced at higher fluences. These may be attributed
to secondary photophysical and photochemical processes of the type
that also occur in chl-a-PS II and related systems (see SI-4).

The yield of Q, -~ compared to that seen for most other organisms
remains low even at high fluences (see SI-4, Fig. 85). However, yields
are also very low in Acaryochloris marina [38], a system in which PS 1l is
dominated by the FRL-chl chl-d. Strong illumination of FRL-PS II (SI-4,
Fig. S6) leads to increased yields, but also induces additional photo-
chemical and photophysical changes [17].

3.5. Exciton calculations

The first widely accepted multi-spectral model [29] for the reaction
center of chl-a-PS II used a range of spectral data as input. Exciton
couplings between pigments were based on the crystallographically
determined distances between chlorins and also the relative orientation
of their transition dipoles. A range of exciton realizations were gener-
ated to account for the non-correlated inhomogeneity of pigment site-
energies. Inhomogeneous widths were seen to be comparable to exciton
coupling energies. The authors used a Redfield model for coupled
Brownian oscillators to account for temperature dependent data. A
simplified version of this model [23], restricted to the analysis of low
temperature data, was used to calculate the absorption, CD and elec-
trochromic shifts of the intact reaction center within PS II core com-
plexes in a range of organisms. In this work [23], calculations of elec-
trochromic shifts as well as CD changes associated with both Q- "~
formation and Pheop; reduction were made.

In the current work, the simplified model [23] is adapted to model
the FRL-PS II reaction center absorption spectra, CD and electrochromic
shifts. An important point is that the FRL-PS II protein structure, all
pigment coupling matrix elements, transition dipoles as well as changes
in ground and excited state static dipoles were taken to be the same as
those determined by previous studies of chl-a-PS II. This is because the
crystal structure of FRL-chl has not yet been determined nor has the
precise location of the 4 chl-fs and 1 chl-d pigments.

As a first step, the previously reported analysis [22] of the Q- -
induced Q, electrochromic shift pattern, as calculated for plant PS IT
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core complexes at 1.7 K [17], was reproduced and refined (left panel of
Fig. 5). Then, using the same model, the essential features of the ex-
perimental electrochromic pattern in FRL-PS II were reproduced. This
model does not take into account i) electrochromic shifts from the low
quantum yield side-pathway of electron transfer, including ChIZ
bleaching near 670 nm [36], and ii) photophysical shifts of the lowest
energy states of CP47 [24] and CP43 [33] near 690 nm. The lowest
excited states [40] of peripheral antennae are long-lived and prone to
non-resonant hole-burning upon sustained illumination. This last pro-
cess leads to a redistribution of inhomogeneously distributed pigment
site energies to higher energies and in particular, to a reduction of
absorption intensity in the lowest energy 690 nm to 700 nm region of
spinach PS II, as seen in Fig. 5.

The amplitude of the Q4-~ induced electrochromism reported in
spinach PS II core complexes [17], as reproduced in Fig. 5, was that for
aQu yield measured as ~85%. The knowledge of both the yield and
amplitude allows an independent and experimental determination of
the value of Ap/f, where Ap is the change in static electric dipole mo-
ment between the ground and excited state and f is the dielectric cor-
rection factor. Using the previous [41,42] value of Ap = 1.8 D for chl-a
and 1.35 D for pheo-a, and taking f = 3, as used earlier [23], an ex-
cellent fit to the reported [17] spinach PS II shift amplitude near
685 nm is obtained, as shown in Fig. 5. This confirms the use of a value
of f=3.

The values of Ay = 1.8 D for chl-a and 1.35 D for pheo-a with f = 3
used to fit spinach PS II were used to model FRL-PS II. Except for the
FRL 726 nm pigment, for which the position and linewidth was taken
from Table S1, site energies and widths of the other (chl-a) pigments
were left unchanged. The calculations shown in Fig. 5 show that with a
(single) FRL-chl placed in the reaction center, either at the Chly, or P,
position, a strongly blue shifted FRL-PS II electrochromic feature ap-
pears (see also Fig. $9). Placing more than one FRL-chl in the reaction
center leads to a number of prominent shift features in the far-red re-
gion of the electrochromic pattern. Only one prominent shift feature is
seen in the low fluence spectra (Fig. 4, Fig. 5). This provides evidence
that there is only one FRL-chl in the reaction center. This more detailed
treatment confirms the interpretation in the original study [1].

When comparing the calculated electrochromic shift spectra with
Chlp; or alternatively Pp; as the primary donor against experimental
data (Fig. 5), both options reproduce the sign and amplitude of the shift
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Fig. 5. Lower black traces are absorption spectra of spinach chl-a-PS II core complexes [17] (left panel) and FRL-PS II (center and right panels) at 1.8 K. The upper
black traces are experimental electrochromic difference spectra, for 85% conversion of Qu to Q- for spinach and ~ 8% conversion for FRL-PS II (See S1-3). The
corresponding green curves are the modelled electrochromism spectra for spinach core complexes (left panel) and FRL-PS II using the Chlp; or Pp; options for the
location of the 726 nm pigment. The lower red and blue curves are the corresponding calculated absorption spectra of the 6 inner reaction center chlorins for the Qa
and Qu- ~configurations respectively. The upper green traces show the calculated electrochromism. Site energies and the exciton coupling matrix used are given in

the Tables §2 and S3.
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seen at 726 nm. The Py, option provides a somewhat better overall fit
to the electrochromic pattern in the chl-a Q, region from 650 nm to
690 nm. FRL PS II data in this region suffers from low signal-to-noise
due to i) the higher absorbance present in the chl-a Q, spectral region,
ii) the requirement of minimal actinic light and iii) the relatively low
yield of Q- ~ formation in FRL-PS 11 (see Fig. S6) compared to spinach
chl-a-PS 11.

The calculated amplitude of the 726nm Q- shift is slightly
smaller for the Chlp, primary donor case than is for the Py, case, de-
spite Py, being further away (2.6 nm vs 2.2nm) from Q,. This is a
consequence of the orientation of the electric field with respect to An
leading to a larger site-energy shift for Py, (Table $4). The chlorin Q,
site energy shifts for Q- ~ formation (Table S4) shows that the Py, and
Pp shifts (5.8em ™' and 18 cm ™ ') are comparable to the Chlp, shift
(14.4cm™ ).

Exciton modelling can be used to simultaneously calculate the
lineshape and amplitude of both CD and absorption spectra [26,32]
without the introduction of any additional parameters. The amplitude
of the CD calculated in this way provides a useful internal check of
exciton calculations. For the isolated reaction center preparation RC-6
both absorption and CD line-shapes have been successfully modelled
[39]. A quantitative comparison of CD and absorption amplitudes was
not made at that time. A detailed comparison of more recent, si-
multaneously taken, lower-temperature absorption and CD spectra, of
both RC-6 and RC-5 [26] show that the calculated CD line-shape as well
as amplitude are in agreement with the exciton calculations. The cal-
culations done for RC-6 and RC-5 use the same exciton matrix elements
(Table §3) as those used here. The only difference in the former cal-
culations were that the linewidths and site-energies introduced were
adapted to take into account the increased line-broadening and site-
energy blue shifts present in isolated reaction centers such as RC-6,
compared to PS II core complexes.

Isolated FRL-PSII reaction centers have not yet been prepared.
Consequently, it is only possible to compare theoretical and experi-
mental CD data for the single FRL-chl present in the reaction center
component of the FRL-PS II core complex assembly, i.e. the pigment
absorbing at 726 nm. The CD characteristics of the other chl-a and pheo-
a FRL-PS Il reaction center pigments, i.e. those absorbing in the 650 nm
to 690 nm region, are obscured by the dominating CD of chl-a present in
CP43 and CP47 peripheral antennas (Fig. 1). A more complete analysis
would look to calculate the exciton CD of the entire FRL-PS II core
assembly but this is not at present feasible. Exciton CD calculations that
are restricted to the reaction center pigments of FRL-PS II are a rea-
sonable starting point as couplings between reaction center pigments
and pigments in the CP43 and CP47 peripheral antennae are inherently
weaker than the (relatively strong) couplings between reaction center
pigments (Table §3). This is due to the greater inter-pigment distances
involved.

Fig. 6 demonstrates that the computed absorption and CD spectra of
the 6 reaction center chlorins in FRL-PS II, shown as coloured green and
red profiles respectively, vary significantly depending on whether the
primary donor is located at Chly, or Pp,. Of the 6 reaction center
chlorins, only the FRL-chl primary donor is directly accessible experi-
mentally, because it has CD and absorption features that are not buried
under the absorption peak arising from ~30 chl-a and 2 pheo-a pigments
in the 650 nm-690 nm region.

The sign and amplitude of the calculated primary donor CD agrees
well with the (positive) experimental CD value when Py, is the primary
donor. When Chly, is the primary donor, the calculated CD is barely
visible. It is 30 x smaller and is calculated to have a negative sign. The
CD spectrum of a multi-chromophore array such as a PS II reaction
center arises from a complex interplay between exciton coupling matrix
elements (Table $3), site energies (Table $2) and relative orientations of
transition dipoles of the interacting chromophores. Thus, it may not be
immediately interpretable. However, there is only one FRL-chl in the
reaction center of FRL-PS 1I (i.e. the pigment at 726 nm) and the Q, of
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this pigment is displaced by ~1000 cm ' from the other pigments (chl-
a and pheo-a) in the reaction center. This displacement is larger than the
values of the exciton coupling matrix elements shown in Table §3. With
coupling matrix elements and orientations being held constant, a large
red-shift of the chromophore will tend to have the effect of reducing its
CD, whether it be located at Chlpy or Ppa.

A quantitative measure of the strength of CD is the parameter pa, the
ratio of CD amplitude to absorption, AA/A. The CD of the Chl-a exciton
region at 680 nm in RC-6 is experimental and theoretically evaluated as
pa = 1.2 x 10~ % This p, value is significantly less than the calculated
CD of the Chly, exciton itself which has p, = 2.5 x 10~ ? [26]. The
reduction in p, is due to the significant overlap of the Chl,, exciton
with nearby excitons having the opposite CD sign. In FRL-PS II the
primary donor exciton is well separated from other reaction center
excitons and such cancelling does not occur. Thus, we can directly
compare the experimental p, of the primary donor in FRL-PS II with the
calculated value of py = 2.5 x 10~ for the Chlp; exciton in chl-a-PS II.

From our global analysis of FRL-PS II data, the CD of the primary
donor in FRL-PS II at 726 nm has ps = 0.5 x 10~ % The calculated
values for the primary donor CD AA/A at 726 nm is py = 0.6 x 10~
when Ppy is the primary donor and — 0.02 x 10~ * when Chlp; is the
primary donor. In both cases, the calculated p, for the primary donor is
far less than the value of p, = 2.5 % 10~ * for the Chly,; exciton in chl-a-
PS II. A significant reduction in CD for the single FRL-chl in FRL-PS II
can be expected regardless of where it is located. This is due to the
relatively large energetic difference between the 5 chl-a pigments and
the single FRL-chl in the reaction center (compared to the coupling
matrix elements) reducing the ability of (unchanged) exciton coupling
matrix elements to induce CD. The calculated value of
pa = —0.02 x 10~ ? for the primary donor as Chly, may appear to be
anomalously small given the significant exciton matrix elements be-
tween Chlp; and Pp, Ppz and Pheop, (Table §4). This result highlights
the fact that the CD of an exciton coupled multi-pigment array is not
simply reducible to sums of individual couplings.

Preliminary calculations were performed to explore the influence of
proximal antenna-based FRL-chls on the CD in the 726 nm region. The
closest pigment to Chly, present in CP43, measured edge to edge, is the
‘linker’ Chl508 [43]. Exciton coupling matrix elements between the
reaction center pigments and Chl508 were calculated using a point-
dipole approximation [41]. The largest matrix elements between
Chl508 and the reaction center pigments were in the range of 1 em ™ to
7em ! and significantly smaller than the largest matrix elements
within the reaction center (Table $3). Exciton CD calculations were
then performed for both the Chlp, and Ppy options for the 726 nm
pigment, whilst taking Chl508 to be the FRL-chl at 737 nm (Table S1).
The CD calculated at 726 nm when the primary donor was Chly, be-
came significant in magnitude but remained negative having
pa = —0.32 x 10™*. With Pp, as the primary donor, the calculated CD
including Chl508 remained positive with p, = 0.36 x 10™? and close
to the experimental value of 0.47 x 10~ °. In both cases, the sign of the
CD calculated for the 737 nm band was positive and thus not in
agreement with experiment (see Fig. 6, Table S1 and Fig. S4). An
analogous calculation was made placing an FRL-chl at the Chl505 lo-
cation. This is the closest CP43 pigment to Chlp,, measured center to
center. Although the calculated exciton interaction between Chlp; and
Chl505 is larger than for Chl508, the €D with Chlp,; is the primary
donor is calculated to be significantly smaller than for the Chl508 case
described above and again not in agreement with experiment. A more
complete calculation, involving all the pigments FRL-PS II may help
identify the location of the proximal antenna FRL-chls.

In addition to exciton CD, there is the monomeric CD component of
chl Q, transitions. This is independent of, and additive to, exciton CD.
Monomeric Q, CD of chl-a is p, —0.16 x 10~ ? [44], —0.07 % 107> for
chl-d [38] and —0.03 x 10~ 2 for chl-f [45]. These values are all small
in magnitude and of the opposite sign to the observed value of
pa = 0.47 x 10 ® for the 726 nm band in FRL-PS II.
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CD spectra are scaled to the calculated (reaction center only) spectra by assuming that the integrated absorption area over the entire Q, region corresponds to a total
of ~35 chl and 2 pheo-a pigments with the reaction center having 6 chl and 2 pheo-a pigments. Integrals are shown in Fig. §1.

3.6. Arguments in favor of the primary donor being Chlp,

Chlp, is considered to be the primary donor in chl-a-P§ II
[3,5-7,46]. Chly, is then the obvious pigment to exchange for a long
wavelength pigment [1] to create a low energy primary donor. This
apparently straightforward option is reinforced by the fact that all
known FRL-PS II systems for which sequences are available show a pair
of conserved amino acid changes D1Tyr120 and D1Thr155. These can
be modelled as providing H-bonds to the extra formyl group that is the
substituent on ring I of the chlorophyll that is responsible for the long-
wavelength shift in a FRL-chl [1]. This seems to be a genetic/structural
“smoking gun”. In contrast, amino acid residues facing the same posi-
tion in the ring 1 of P, appear to be unable to form H-bonds having
aliphatic side chains (Val and Leu). These residues were also found to
be conserved in both the FRL and WL version of PSII. Nevertheless, we
cannot exclude H-bond formation via the amide group of the peptide
bond.

The mechanistic and redox arguments cited in the introduction are
also strong. Given the similar rates and efficiency of O, evolution, it is
assumed that the donor-side components of FRL PS II are tuned to have
the same redox potentials as in chl-a-PS II [1]. Thus, the primary
electron donor FRL- chl- * /chl is taken as having a similar potential as
its counterpart in chl-a-PSIL However, FRL-chl absorbing at 725 nm will
have —110 meV less energy available in the excited state than does chl-
a absorbing at ~680 nm. This will result in the FRL-chl- " /chl*couple
having higher potentials and therefore FRL-chl* will have less reducing
power than its chl-a counterpart [1].

A less reducing FRL-chl* strongly favors pheo-a as the primary
electron acceptor because the pheo-a/pheo-a-~ couple has a much
higher reduction potential than that of chl-a/chl-a-~. The structure
dictates that Pheo-a can only be the primary acceptor when Chlp,* is
the primary donor and this provides a good argument for the primary
donor being Chlp; in FRL-PS 11 [1]. In models in which Pp3 is the pri-
mary donor, the primary acceptor would be chl-a (either Pp; or Chlpi).
This is expected to be unfavorable in redox terms. A similar argument
was made for assigning the chl-d primary donor on Chly, in Acarye-
chloris marina PS 11 [4]. Along the same lines, recent calculations of the
redox potentials of the chlorins in chl-a-PSII indicated that Chlp,*
electron donation to Pheop, is favorable, but that Py,* donation to
Chly, is energetically unfavorable [46]. If this trend is extrapolated to
FRL-PSII, FRL-chl* is expected to be even less capable of reducing a chl-
a primary acceptor.

The chemical argument mentioned in the introduction comes from
the demonstration that chlorophyll has acid base properties that will
favor ligation to water over histidine [47]. In the chl-a-PS II reaction
center, only the Chly,; and Chly; pigments have water coordination and

are thus more likely as candidates for replacement by chl-f [1]. It is not
possible to rule out histidine ligation to chl-f, in either the PS II reaction
center or in peripheral antenna, but the chemical preference exists.

4. Conclusions

[lumination of FRL-PS II at 1.8 K at a series of wavelengths con-
firmed that the pigment at 726 nm is the primary electron donor.
Charge separation occurred relatively efficiently at wavelengths
=726 nm but became much less efficient at longer wavelengths. This
verifies the conclusion made earlier [1].

A global analysis of absorption, CD and MCD data enabled the de-
termination of the exciton spectral amplitudes, positions and widths of
all 5 FRL-chl Q, state spectral components in FRL-PS II. The Q- in-
duced electrochromism in FRL-PS II generated by low temperature and
low fluence illumination was modelled by exciton coupling calculations
(Figs. 5, 6 and $9). The starting point for these calculations was a new
quantitative analysis of existing electrochromism data of chl-a-PS$ II core
complexes prepared from spinach, allowing a model-free determination
of the value of Ap/f. The FRL-PS II electrochromic shift at 726 nm could
be quantitatively accounted for by transferring the Chl,, or Py, chl-a
site energy appropriate to spinach to the FRL 726 nm position, whilst
leaving all exciton coupling terms, other site energies and geometric
parameters as well as Ap/f unchanged. The Py calculation provided a
slightly better fit to the overall electrochromic pattern in the 650 nm to
690 nm region. The exciton modelling was also able to exclude the
possibility that there was more than one FRL-chl in the reaction center,
again in line with earlier ideas [1].

The CD calculated by the exciton modelling was able to account for
the observed value of p, = AA/A at 726 nm, without the use of addi-
tional parameters, when the primary donor was located at Pp,,. When
located at Chlp; the CD calculated was 30 times smaller and of the
wrong sign in comparison to experiment. Preliminary exciton calcula-
tions of coupling between the reaction center chlorins and the closest
chlorins in the proximal antennas (Chl508 and Chl505) indicate that
coupling an FRL-chl at either of these locations are unlikely to account
for the experimentally observed CD amplitude at 726 nm. A more de-
finitive calculation would be to include all the pigments in FRL-PS II or
perhaps a subset of the CP43 and CP47 pigments closest to the reaction
center pigments. Such calculations may help identify the location of the
FRL-chls in the proximal antennae.

There are a number of arguments that make a good case for the
Chlp; being the location of the single FRL-chl in the reaction center.
However, these arguments are intuitive, mechanistic and, when strue-
tural (i.e. the conserved amino acid changes) are yet to be verified by
experiment. The current work presents initial experimental evidence,
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particularly from the concurrence of calculated and experimental CD at
726 nm, that the primary donor could be located at Pp.

Rather than speculating further on this surprising result, we look to
perform additional spectroscopic experiments and calculations that
may provide further evidence relevant to the character and location of
the primary donor in FRL-PS IL

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We recognize the support of the Australian Research Council
through grants DP110104565 and DP150103137 (EK), FT140100834
(NC). This work was supported by BBSRC grants BB/L011506/1 and
BB/R001383/1 (AWR, AF and DN).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbabio.2020.148248.

References

[11

[2]

[3]

[4]

[5]

[6]

7

=

[8]
9]

[10]

[11]

2]

[13]

[14]

[15]

[16]

D.J. Nurnberg, J. Morton, S. Santabarbara, A. Telfer, P. Joliot, L.A. Antonaru,
AV. Ruban, T. Cardona, E. Krausz, A. Boussac, A. Fantuzzi, A.W. Rutherford,
Photochemistry beyond the red limit in chlorophyll f-containing photosystems,
Science 360 (2018) 1210-1213.

T. Renger, E. Schlodder, The primary electron donor of photosystem II of the cya-
nobacterium Acaryochloris marina is a chlorophyll d and the water oxidation is
driven by a chlorophyll a/chlorophyll d heterodimer, J. Phys. Chem. B 112 (2008)
7351-7354.

T. Cardona, A. Sedoud, N. Cox, A.W. Rutherford, Charge separation in photosystem
IL: a comparative and evolutionary overview, Biochim. Biophys. Acta 1817 (2012)
26-43.

T. Renger, E. Schlodder, Optical properties, excitation energy and primary charge
transfer in photosystem II: theory meets experiment, J Photoch Photobio B 104
(2011) 126-141.

B.A. Diner, F. Rappaport, Structure, dynamics, and energetics of the primary pho-
tochemistry of photosystem II of oxygenic photosynthesis, Annu. Rev. Plant Biol. 53
(2002) 551-580.

A.R. Holzwarth, M.G. Muller, M. Reus, M. Nowaczyk, J. Sander, M. Rogner, Kinetics
and mechanism of electron transfer in intact photosystem II and in the isolated
reaction center: Pheophytin is the primary electron acceptor, Proc. Natl. Acad. Sci.
U. 8. A 103 (2006) 6895-6900.

E. Romero, LH.M. van Stokkum, V.I. Novoderezhkin, J.P. Dekker, R. van Grondelle,
Two different charge separation pathways in photosystem II, Biochemistry 49
(2010) 4300-4307.

J.K. Hoober, L.L. Eggink, M. Chen, Chlorophylls, ligands and assembly of light-
harvesting complexes in chloroplasts, Photosynth. Res. 94 (2007) 387-400.

S.A. Masami Kobayashi, Daiki Fujinuma, H.K. Furukawa Hayato, Yuichi Hotota,
Yuki Kato, T.W. Kuroiwa Yoshinori, Mayumi Ohnishi-Kameyama, Hiroshi,
$.0.A.H.M. Ono, Physicachemical properties of chlorophylls in oxygenic photo-
synthesis — succession of co-factors from anoxygenic to oxygenic photosynthesis,
IntechOpen (2013) 47-90, https://doi.org/10.5772/55460.

F. Muh, M. Plockinger, T. Renger, Electrostatic asymmetry in the reaction center of
photosystem II, J. Phys. Chem. Lett. 8 (2017) 850-858.

E.W. Knapp, S.F. Fischer, W. Zinth, M. Sander, W. Kaiser, J. Deisenhofer, H. Michel,
Analysis of optical-spectra from single-crystals of Rhodopseudomonas-Viridis re-
action centers, Proc. Natl. Acad. Sci. U. S. A. 82 (1985) 8463-8467.

T. Wydrzynski, K. Satoh, Photosystem II - the light-driven water:plastoquinone
oxidoreductase in: Govindjee, Advances in Photosynthesis and Respiration, series
ed, Vol. 22 Springer, Dordrecht, The Netherlands, 2005, p. 786.

R. Steffen, J. Hughes, P. Smith, R. Pace, A. Rutherford, E. Krausz, Secondary donors
in low-temperature optical spectroscopy of photosystem 11, Photosynth. Res. 91
(2007) 147.

E. Krausz, Selective and differential optical spectroscopies in photosynthesis,
Photosynth. Res. 116 (2013) 411-426.

J. Morton, F. Akita, Y. Nakajima, J.-R. Shen, E. Krausz, Optical identification of the
long-wavelength (700-1700nm) electronic excitations of the native reaction centre,
Mn,Ca0s cluster and cytochromes of photosystem I in plants and cyanobacteria,
Biochimica et Biophysica Acta (BBA) - Bioenergetics 1847 (2015) 153-161.

J. Morton, M. Chrysina, V.8.J. Craig, F. Akita, Y. Nakajima, W. Lubitz, N. Cox,
reular dichroism spectra

R. Shen, E. Krausz, Structured near-infrared magnetic

n7]

18]

[19]

120]

21]

122]

[23]

[24]

[25]

126]

127]

28]

129]
[30]

[31]

32]

133]

134]

(35]

[36]

137]

(38]

139]

[40]

[41]

142]

[43]

BBA - Bioenergetics 1861 (2020) 148248

of the Mn,CaOs cluster of PSII in T. vulcanus are dominated by Mn(IV) d-d ‘spin-
flip’ transitions, Biochim. Biophys. Acta 1859 (2018) 88-98.

1. Hughes, P. Smith, R. Pace, E. Krausz, Charge separation in photosystem II core
complexes induced by 690-730 nm excitation at 1.7 K, Biochim. Biophys. Acta 1757
(2006) 841-851.

P.J. Smith, S. Peterson, V.M. Masters, T. Wydrzynski, 8. Styring, E. Krausz,

R.J. Pace, Magneto-optical measurements of the pigments in fully active photo-
system II core complexes from plants, Biochemistry 41 (2002) 1981-1989.

S. Peterson Arskol;l, V.M. Masters, B.J. Prince, P.J. Smith, R.J. Pace, E. Krausz,
Optical spectra of synechocystis and spinach photosystem 1l preparations at 1.7 K:
identification of the D1-pheaphytin energies and stark shifts, J. Am. Chem. Soc. 125
(2003} 13063-13074.

J. Morton, J. Hall, P. Smith, F. Akita, F.H. Koua, J.R. Shen, E. Krausz, Determination
of the PS 1 content of P§ Il core preparations using selective emission: a new
emission of PS IT at 780nm, Biochim. Biophys. Acta 1837 (2014) 167-177.

C.A. Tracewell, G.W. Brudvig, Multiple redox-active chlorophylls in the secondary
electron-transfer pathways of oxygen-evolving photosystem II, Biochemistry 47
(2008) 11559-11572.

H.C. Chang, R. Jankowiak, C.F. Yocum, R. Picorel, M. Alfonso, M. Seibert,

G.J. Small, Exciton level structure and dynamics in the CP47 antenna complex of
photosystem II, J. Phys. Chem. 98 (1994) 7717-7724.

N. Cox, J.L. Hughes, R. Steffen, P.J. Smith, A.W. Rutherford, R.J. Pace, E. Krausz,
Identification of the Q(Y) excitation of the primary Electron acceptor of photo-
system II: CD determination of its coupling environment, J. Phys. Chem. B 113
(2009) 12364-12374.

J. Hall, T. Renger, F. Muh, R. Picorel, E. Krausz, The lowest-energy chlorophyll of
photosystem Il is adjacent to the peripheral antenna: emitting states of CP47 as-
signed via circularly polarized luminescence, Biochim, Biaphys. Acta 1857 (2016)
1580-1593.

E. Krausz, J.L. Hughes, P. Smith, R. Pace, S. Peterson Amlcdld, Oxygen-evolving
photosystem II core complexes: a new paradigm based on the spectral identification
of the charge-separating state, the primary acceptor and assignment of low-tem-
perature fluorescence, Photochem. Photobiol. Sci. 4 (2005) 744-753.

J. Hall, R. Picorel, N. Cox, R. Purchase, E. Krausz, New perspectives on photosystem
Il reaction centres, Australian Journal of Chemistry (2020, https://doi org/10.
1071/CH19478.

S.P. Am‘kold, P.J. Smith, J.-R. Shen, R.J. Pace, E. Krausz, Key cofactors of
Photosystem II cores from four organisms identified by 1.7-K absorption, CD and
MCD, Photosynth. Res. 84 (2005) 309-316.

S.B. Piepho, P.N. Schatz, Group Theory in Spectroscopy With Applications to
Magnetic Circular Dichroism, Wiley-Interscience, New York, Chichester, Brisbane,
Toronto, Singapore, 1983.

D. Zevenhuijzen, P.J. Zandstra, Absorption and magnetic circular dichroism of
chlorophyll a and b dimers, Biophys. Chem. 19 (1984) 121-129.

J.L. Hughes, R.J. Pace, E. Krausz, The exciton contribution to the faraday B term
MCD of molecular dimers, Chem. Phys. Lett. 385 (2004) 116-121.

Y.Q. Li, N. Scales, R.E. Blankenship, R.D. Willows, M. Chen, Extinction coefficient
for red-shifted chlorophylls: chlorophyll d and chlorophyll f, Biochim. Biophys. Acta
1817 (2012) 1292-1298.

H. van Amerangen, R. van Grondelle, L. Valkunas, Photosynthetic Excitons, WORLD
SCIENTIFIC, 2000.

J. Hall, T. Renger, R. Picorel, E. Krausz, Circularly polarized luminescence spec-
troscopy reveals low-energy excited states and dynamic localization of vibronic
transitions in CP43, Biochim. Biophys. Acta 1857 (2016) 115-128.

W.L. Butler, Primary phatochemistry of photosystem II of photosynthesis, Acc.
Chem. Res. 6 (1973) 177-184.

D.H. Stewart, P.J. Nixon, B.A. Diner, G.W. Brudvig, Assignment of the Q, absor-
bance bands of photosystem I chromophores by low-temperature optical spectro-
scopy of wild-type and mutant reaction centres, Biochemistry 39 (2000)
14583-14594.

E. Schlodder, T. Renger, G. Raszewski, W.J. Coleman, P.J. Nixon, R.O. Cohen,
B.A. Diner, Site-directed mutations at D1-Thr179 of photosystem Il in Synechocystis
sp. PCC 6803 madify the spectroscapic properties of the accessory chlorophyll in
the D1-branch of the reaction center, Biochemistry 47 (2008) 3143-3154.

J.L. Hughes, B.J. Prince, E. Krausz, P.J. Smith, R.J. Pace, H. Riesen, Highly efficient
spectral hole-burning in exygen-evolving photosystem Il preparations, J. Phys.
Chem. B 108 (2004) 10428-10439.

M.R. Razeghifard, M. Chen, J.L. Hughes, J. Freeman, E. Krausz, T. Wydrzynski,
Spectroscopic studies of photosystem Il in chlorophyll d-containing Acaryochloris
marina, Biochemistry 44 (2005) 11178-11187.

G. Raszewski, W. Saenger, T. Renger, Theory of optical spectra of photosystem II
reaction centers: location of the triplet state and the identity of the primary electron
donor, Biophys. J. 88 (2005) 986-998.

J.R. Reimers, M. Biczysko, D. Bruce, D.F. Coker, T.J. Frankcombe, H. Hashimoto,
J. Hauer, R. Jankowiak, T. Kramer, J. Linnanto, F. Mamedov, F. Muh, M. Ratsep,
T. Renger, S. Styring, J. Wan, Z. Wang, ZY. Wang-Otomo, Y.X. Weng, C. Yang,
J.P. Zhang, A. Freiberg, E. Krausz, Challenges facing an understanding of the nature
of low-energy excited states in photosynthesis, Biochim. Biophys. Acta 1857 (2016)
1627-1640.

G. Raszewski, B.A. Diner, E. Schlodder, T. Renger, Spectrascopic properties of re-
action center pigments in photosystem II core complexes: revision of the multimer
model, Biophys. J. 95 (2008) 105-119.

V.L Novoderezhkin, J.P. Dekker, R. van Grondelle, Mixing of exciton and charge-
transfer states in photosystem II reaction centers: modeling of stark spectra with
modified Redfield theory, Biophys. J. 93 (2007) 1293-1311.

Y. Umena, K. Kawakami, J.R. Shen, N. Kamiya, Crystal structure of oxygen-evolving




Chapter 6: Publication 3

92

M. Judd, et al.

photosystem 11 at a resolution of 1.9 angstrom, Nature 473 (2011) 55-60.
[44] C. Houssier, K. Sauer, Circular dichriosm and magnetic circular dichroism of the
chlorophyll and protochlorophyll pigments, J. Am. Chem. Soc. 92 (1970) 779-791.
[45] R.D. Willows, Y.Q. Li, H. Scheer, M. Chen, Structure of chlorophyll f, Org. Lett. 15
(2013) 1588-1590.

BBA - Bioenergetics 1861 (2020) 148248

[46] K. Kawashima, H. Ishikita, Energetic insights into two electron transfer pathways in
light-driven energy-converting enzymes, Chem. Sci. 9 (2018) 4083-4092,

[47] M. Chen, Chlorophyll modifications and their spectral extension in oxygenic pho
tosynthesis, Annu. Rev. Biochem. 83 (2014) 317-340.



93

Chapter 7

Redox isomerism explains the two forms
of the S2 state of Nature’s water splitting
catalyst
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7.1.1 Introduction to Publication 4

Publication 4 follows on from Publication 1. In Paper 1, we measured variable
temperature variable field MCD spectra of each of the S-states of the OEC in the 710-
900 nm region. The MCD of the S-states consists of narrow bands over a relatively
small spectral range. We have assigned these narrow bands to Mn(IV) “A—2E spin-
flip transitions. Each transition corresponds to a different Mn(1V) ion in the OEC
structure. Absorption in this region was predicted to occur based on an EPR action

spectrum reported in a paper by Boussac et al. [45]

One key intermediate S-state, the S2 state, exists in two distinct forms that differ in
their electronic ground state configurations: a low spin state (S=1/2) and a high spin
state (S=5/2). These two S2 sub-states have been studied extensively by EPR and
correspond to the low spin “multiline” signal and the high spin g>4.1 signal. Boussac
et al also showed that illumination in the 710 — 900 nm region caused an
interconversion between the two forms of the S2 state. In publication 1, we were
not able to observe this interconversion. The experiments in publication 1 used a 1:1
mixture of glycerol and ethylene glycol as a glassing agent. Hydrophobic cells made
the addition of ethylene glycol unnecessary, so we attempted the experiment again

using only glycerol.

7.1.2: Key findings from Publication 4
Using only glycerol as a glassing agent in the new cells had no measurable impact on
the optical quality of the sample. Photographs of clear test samples are shown in

figure 3.7

S2 state interconversion was induced with 775 nm laser illumination, and had an
efficiency of ~40%, even at ~ 2 K. As with the identification of the MCD of the different
S states in publication 1, the distinct field and temperature dependencies of the MCD
spectra of the two S2 forms could be used to distinguish them from each other. The
field dependencies of the MCD signals of the two S2 sub-states are consistent with

S=1/2 and S=5/2 and a crystal field splitting of ~1 cm™, respectively. This agrees with
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previous EPR reports. Critically, the low spin S2 state has three Mn(IV) spin flip
transitions, whilst the high spin S2 state has only two. This observation, in combination
with the fact that the interconversion can take place at temperatures as low as 2 K,
suggests that one of the Mn(IV) ions is photoreduced to Mn(lll) and we conclude that

the two S2 state forms are redox isomers.
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ABSTRACT: Nature's water-splitting cofactor — a tetra-man-
ganese calcium cluster embedded in the Photosystem II (PSII)
supercomplex — undergoes a multistep catalytic cycle. A key
metastable intermediate in this cycle is the 5, state, which ex-
ists in two distinct forms that differ in their electronic ground
spin states. In this study, we investigate competing models of
these two 5; forms. Using low-temperature magnetic circular
dichroism (MCD), we demonstrate that interconversion be-
tween the S, forms can occur at temperatures as low as 2 K.
This interconversion is accompanied by the loss of a
Mn(IV) 4A—2E spin-flip transition, attributed to Mn4, sug-
gesting reduction of this manganese center during the pro-
cess. Furthermore, using PSII purified from the acid-toler-
ant C. merolae, we show that lowered pH does not change the
EPR signals associated with the S, to S; transition, nor does it
stabilize intermediate states such as 5;". These results suggest
the two S, state forms are redox isomers and proton egress in-
termediates do not explain S-state heterogeneity.

Nature's water-splitting catalyst is a tetra-manganese calcium
cluster embedded within the Photosystem 11 (PSII) supercom-
plex t2. Its catalytic cycle involves five distinct redox interme-
diates, known as the S, states (n = 0-4), where each state rep-
resents the accumulation of one oxidizing equivalent 3. Pro-
gression through the S-states is driven by the PSII reaction
center, a multi-chlorophyll pigment assembly. Light absorp-
tion initiates charge separation, generating a strong photo-ox-
idant (P680*), which is relayed to the catalyst via a redox-ac-
tive tyrosine residue (Yz). After four such charge separations,
the transient S, state decays rapidly to S,, releasing triplet O,
and binding a new substrate water molecule +5.

Structural studies using X-ray diffraction (XRD) * and X-ray
free electron lasers (XFEL) © have revealed that in the early S-
states (Sy, Si, S2), the cofactor represents a Mn,0sCa complex.
The metal ions form a distorted chair-like geometry: Mm,
Mnz, Mn3, and Ca*" constitute the base (an open-cubane
Mn;0;Ca unit), while Mn, (the "dangler") is connected via
two p-oxo bridges (O, and Os). In the S; state, the cofactor
incorporates an additional oxygen (O,), likely a hydroxide,
forming Mn,O.Ca complex 7¢. O5 and Oy, are considered the
most probable substrate water molecules 5 1.

The S, state is unique in that it exists in two distinct ground
state electronic configurations: a low-spin state (S¢ =1/2)** and
a high-spin state (S = 5/2). “ Early S-states (S,, S;) typically
adopt low-spin configurations, while later states (e.g., S;) are
high-spin (S =3). These two S, forms are distinguished by their
EPR signals: the low-spin "multiline” signal? and the high-spin
g = 4.1 signal. ).3"7 Importantly, these forms are structurally
distinct yet interconvertible at cryogenic temperatures (<150
K) following near-infrared (NIR) irradiation.’® The high-spin
form (g = 4.1) is thought to be an intermediate en route to the
S, state.'s. 20

Three models have been proposed to explain this S, intercon-
version.?! All models assume the same structure for the S, mul-
tiline state (S;M-), an open cubane motif (S,*) similar to the
current XRD * ¢ and previous DFT 2* structures. The Mn'"! ion
located within the cuboidal unit (Mn1) and is five-coordinate,
square pyramidal.z

i) Redox Isomerism Model #: This model posits that the po-
sition of the Mn!!! ion shifts to the dangler Mng in the S, g =
441 (5,84) state. Oxidation state rearrangement is coupled with
movement of the Os bridge, leading to a closed cubane struc-
ture (S,%). While this model accounts for two nearly isoener-
getic ground states with a low interconversion barrier., a
closed-cubane intermediate has not yet been observed in
XFEL measurements.

ii) Proton Isomerism Model:2 2¢ This model posits that the
S.84 state is a proton isomer of the multiline state. A proton
migrates from a water in the vicinity of O4 water channel to
the oxo bridge (o4), disrupting magnetic coupling between
Mng4 and the cubane unit, leading to spin-state conversion.
While model complex data does demonstrate spin state tun-
ing via bridge protonation,?’ this model predicts the energies
of two S, forms to differ by =10 keal/mol, questioning whether
both structures could be experimentally observed.>

iii) Early Water Binding Model: This model posits that the
.84 state arises from water binding at Mn1,*® * a step generally
thought to occur during the S, to S, transition.”9 However, it
is unclear what is the thermodynamic driving force for water
binding to Mn'!, and whether this process can occur at cryo-
genic temperatures.
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Figure 1: a) The catalytic (Kok/ S-state) cycle of the Mn,04Ca cofactor 3 3°. b, ¢, d) S. state models of the $;M! (S; = 1/2) and Sz84
state (Sg = 5/2). In all models the S,ML state corresponds to an apen cubane (S.*) structure. In the redox isomerism model (b) the
S.84 state corresponds to a closed cubane (S.%) structure with the two forms interconverting via reorganization of Os *. In the
proton isomerism model?5 2 (¢) the 8,84 state corresponds to an open cubane (S.%) structure where the O4 bridge has been proto-
nated. In the early substrate binding model®8 29 (d) the S,8 state corresponds to an open cubane (S;*) structure where a water
molecule has bound to Mm. e) The S, to S, transition leading to open cubane (S;*, S = 3) structure.

Understanding the nature of S, interconversion is critical for
elucidating the S; — S; transition. The redox isomerism model
implies that water binds to Mng late in the transition,3"
while the early water binding model suggests binding at Mn1
and that this represents the first step in the transition.2® The
proton isomerism model also favours water binding to Mm
and suggests that S; state heterogeneity could be explained in
terms of proton isomers, with consequences for proton re-
lease/egress. 2633

To distinguish between these models, we employed two spec-
troscopic techniques:

Magnetic Circular Dichroism (MCD): In a previous publi-
cation we have shown each S-state exhibits a unique MCD fin-
gerprint, characterized by a set of Mn'V +A—2E spin-flip tran-
sitions.3 We identified transitions for Mn,, Mns, and Mn,—
those coordinated exclusively by oxygen ligands—allowing us
to track their oxidation states through the cycle. Here we show
that S, interconversion occurs efficiently (~40% yield) even at
liquid helium temperatures, where proton tunnelling and sub-
strate binding are switched off. Formation of the g = 4.1 state
results in the complete loss of the Mny spin-flip transition,
consistent with Mng4 photo-reduction—supporting the redox
isomerism model.>

High-Field (W-band) EPR Spectroscopy: This technique al-
lows S-state (sub)populations, including those from the inte-
ger spin S, state to characterized and quantified.? 3* Here the
S;-state signals of PSII isolated from the acidophile Cyanidi-
oschyzon merolae are reported, revealing no pH-dependent
changes, other than a uniform reduction in yield, arguing
against the proton isomerism model.

RESULTS AND DISCUSSION

S, State Photochemistry. As described in Morton et al.3*
each S-state exhibits a distinct magnetic circular dichroism

(MCD) signature, corresponding to sharp, spin-forbidden op-
tical transitions associated with Mn' ions of the cofactor. The
methodology for isolating these overlapping spectral features
from background signals is detailed in that work and in the
Supporting Information. In brief, the differing magnetic field
and temperature dependencies of each S-state—due to their
unique ground spin states—enable clean spectral deconvolu-
tion via scaled subtraction.

The observed bands are assigned to +A—>E spin-flip transi-
tions.3* While these transitions are typically unobservable in
monomeric Mn species,3 they have been previously detected
in Mn dimers and tetramers3* 3°. Their positions can also be
inferred from fluorescence data.37 No other transitions in this
spectral window can be attributed to the Mn cluster—such as
spin-allowed d-d transitions from Mn'", or metal-
metal/metal-ligand charge transfer states.

These spin-flip transitions appear over a narrow spectral range
and are classically, independent of any crystal field splitting.3®
Their precise positions are considered to be modulated by the
covalent effects.’® Mng, coordinated by water-derived ligands,
is assigned to the bluest (highest energy) positive band, while
Mn2 and Mn; correspond to the remaining positive and nega-
tive bands.

In magnetically coupled systems, MCD intensities scale with
the spin projection factor of each metal ion.+® Earlier 5Mn-
ENDOR studies of the S;ML state, have constrained the spin
projection factors of Mnz, Mn3 and Mng4 to be close to 1,2+
meaning all three Mn' ions should be observable. This is not
the case for other S-states. For example, 5sMn-EDNMR data
for the S; state reveal an uneven spin density distribution, with
Mn3 and especially Mng exhibiting low spin projection fac-
tors.” Consistent with this, the §; MCD spectrum is dominated
by a single 4A—2E transition, with the bands associated with
Mn3 and Mny strongly attenuated .3+
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Figure 2. Magnetic Circular Dichroism (MCD) spectra of the a) the S2M! state and b) S2#4 state collected at 2 K. The S28¢ state was
generated from the S2M! state in situ using 78onm illumination. The fitted gaussian bands correspond to the observed Mn'v
1A—E transitions observed. ¢) Magnetic coupling topologies for the open (5.*) and closed(S.5) structures, and corresponding spin
projection factors.2+ In both the S.* and S.F structure the magnitudes of the spin projection factors of Mn2 and Mn3 are the same.
In S,% structure Mny is poised in the +11I oxidation state and thus should not have an observable 4+A—-E transition. Note that the
Mn ions are colour coded the same way in panels a, b and c¢. d) Magnetic field dependence of the S,ML, .84 and S, states.3+ Data

processing and fitting are described in the supporting information.

S, state interconversion was induced using ~200 mW CW 780
nm laser excitation. As with other S-states, the S,ML and 5,8+
MCD signals can be distinguished by their differing magnetic
field dependencies and thus a clean S.84 can be generateds. It
should be noted that the magnetic field dependence of the S,8¢
state is consistent with a S = 5/2, with a zero-field splitting of
~1cm®, consistent with previous EPR reports.# Importantly,
upon conversion to the 5,8 state, the Mny associated spin-flip
transition disappears entirely, while the Mnz and Mn3 transi-
tions remain approximately unchanged in both position and
intensity.

To validate changes in the MCD data reflect true Mn,OsCa
photochemistry, parallel EPR measurements were conducted
using identical cryoprotectant conditions (40% glycerol)
needed to ensure optical clarity in the MCD experiment. EPR
measurements confirmed that the S, (ML) state is formed in a
majority of centers following advancement from S, at zo0 K,
with a smaller population of the S; (g = 4.1) state. Interconver-
sion between these states was achieved via CW 780 nm laser
excitation at temperatures ranging from 140 K to 5 K. Notably,
the S, (g = 4.1) EPR spectrum was similar across all tempera-
tures 42, unlike in higher plants, where the signal lineshape is
temperature-dependent.” Photoconversion yields at 2 K and
140 K were similar (>30%), based on the loss of the ML signal.
We note that photoconversion is highly sensitive to the cryo-
protectant used and never exceeds 50%.*

Redox Isomerism Explains the S, (g = 4.1) MCD Spectrum.
The high photoconversion yield at 2 K argues against models
involving stoichiometric changes, such as water binding, or
protonation isomerism (proton tunnelling), as both processes
are suppressed at cryogenic temperatures. Instead, the com-
plete loss of the Mn, spin-flip transition is best explained by
photoreduction of Mny to Mn(I1l), accompanied by oxidation
of Mn1i—whose transition lies outside the detectable spectral
range.3+

The redox isomerism model for the S, (g = 4.1) state also pre-
dicts that Mn2 and Mn3 retain similar spin projection factors
and relative signs as in the S, (ML) state.>

Accordingly, this model predicts that the MCD signals of Mnz
and Mn3 should remain unchanged, which is consistent with
experimental observations. In contrast, the protonation iso-
mer model struggles to account for the data. In this model,
Mnz, Mn3, and Mn4 all remain in the +IV oxidation state in
the S, (g = 4.1) state, and all three ions are expected to have
similar spin projection factors.?s Therefore, this model would
predict that the S, (g = 4.1) MCD spectrum should exhibit
three spin-flip transitions, as observed in the S, (ML) state.

Recent X-ray absorption measurements also support the in-
terpretation that the two S, state forms represent redox iso-
mers.* The slight difference in edge positions between the
two forms could arise from the Mn!"' jon occupying distinct
environments in each S, state.
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Figure 3. a) W band EPR spectra of the S, state of purified PSII prepared from C. merolae and T. vulcanus. b) Comparison of the
S, signal in PSII (C. merolae) poised at pH 6.5 and pH 4.1.c) Modified S, signal seen in PSII (C. merolae) upon addition of 3%
methanol (v/v). d) Comparison of S, state 5sMn-EDNMR spectra collected at the low and high field edge of PSII purified from C.
merolae and T. vulcanus All data (black lines) represent light-minus-dark difference spectra between samples poised in the S, state
and poised in the S, state. Data in panels a and b represent echo detected absorption spectra and their corresponding processed
(pseudo-modulated) spectra. Simulations are shown with red dashed lines. A decomposition of the absorption spectra simulations
according to spin transitions are also shown (see color code). Simulation parameters are listed in the SI Appendix (table S1). The
asterisk indicates the magnetic field position where 55Mn-EDNMR measurements were performed.

Table 1: Spin Projection factors for the Mn'Y ions of 52

Finally, while recent studies on Mn,0,Ca model complexes
(cubane-type structures)*” have shown that the ground spin
state can be modulated by oxo bridge protonation, this mech-
anism is unlikely to be accessible for the cofactor—especially
in the higher S-states. Except for O4 and Os, the oxo bridges
of the cofactor are not solvent-accessible.! Moreover, in the S,
and S; states, these bridge Mn ions that are both +1V oxidation
state, resulting in these oxo bridges having very low pKj val-
ues. In Mn'V-oxo-bridged dimers, this leads to the bridging ox-
ygens being essentially non-exchangeable.

and 53 state models

p2 3 p4

S2(ML) -0.06 | -0.08 | 129 Ref2+
S2g4 S2B -0.53 | -050 |- Ref.>4
O4H -0.27 | -0.42 | -0.59 | Ref>s

Sy -0.44 | -018 0.1 Ref.7

Mechanism of S, State Photo-Interconversion. A plausible
mechanism for spin-state conversion can be proposed based
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on the Light-Induced Excited Spin-State Trapping (LIESST)
effect,'® with the key distinction being that two metal ions are
involved. Photoexcitation of a Mn'Y (a high-spin d* ion) gen-
erates a strong in situ oxidant that extracts an electron from
Mnu, the only Mn'" ion and thus the Mn with the lowest oxi-
dation potential. This electron transfer traps the system in the
S; (g = 4.1) state.

Interestingly, while the S, ML and g = 4.1 states generated by
flash advancement at room temperature exhibit similar stabil-
ities,"® the photoinduced g = 4. state decays back to the ML
state on a timescale of seconds (at 140 K) to minutes (at 77
K).®% 42 This suggests that the photoinduced form may not rep-
resent a fully relaxed structure and that electron transfer
could occur independently of Os bridge movement. This may
explain why EXAFS studies*: 45 has yet been unable to detect
changes between the two S, forms.

pH dependence of S; and S, state EPR signal. To further
investigate whether protonation state isomerism could ex-
plain S-state heterogeneity observed beyond the S;, we exam-
ined the S; — S, transition at lowered pH. A major challenge
in conducting such measurements is that low pH conditions
can lead to disintegration of the Mn,OsCa cofactor, resulting
in the appearance of a free Mn(lIl) signal that overlaps with the
S; (ML) spectrum. To mitigate this, we performed our experi-
ments using PSII isolated from the red alga Cyanidioschyzon
merolae, a close relative of Cyanidium caldarium. This aci-
dophilic, thermophilic, unicellular, eukaryotic phototroph
thrives in environments with pH 0.2-4 and temperatures of
40-56 °C.46 Similar to thermophilic cyanobacteria, members
of the Cyanidiales express robust photosystems that resist
degradation, enabling experimentation under acidic condi-
tions. PSII from C. merolae has been shown to remain stable
down to pH ~3.5—lower than canonical photosystems.47

As shown in Fig. 3, the EPR signals of the S, state in PSII
from C. merolae are identical to those observed in PSII from T.
vuleanus. Upon lowering the pH to 4., the S, signal remained
spectrally unchanged compared to that at pH 6.1, although its
intensity was reduced to approximately 30-40% of the neutral
pH value. In Figure 3, the pH 4.1 spectrum is scaled to match
the intensity of the pH 6.1 spectrum. This scaling causes the
background Mn?* signal (present in <5% of centers) to appear
more prominent in the pH 4.1 spectrum, although its absolute
intensity was consistent across all samples. Intermediate pH
values (4.5, 5.0, 5.5) are presented in the Supporting Infor-
mation. As expected, S; signal yields decreased with decreas-
ing pH,#5.49 while S, (ML) state yields remained relatively con-
stant.s" 5

Both datasets exhibit significant scatter, reflecting the inher-
ent difficulty in reproducibly measuring signal intensities us-
ing pulsed W-band EPR. This variability arises in part from
challenges in consistent sample loading and maintaining uni-
form microwave power at the sample.

Crucially, the EPR signature of the 5, state was not enhanced
at lower pH. Instead, formation of this state required the ad-
dition of the substrate analogue methanol (MeOH), as seen
earlier for the canonical system, T. elongatus. This finding is
inconsistent with proton isomerism explaining the two S,
state forms; namely recent models of the S, to S, state progres-
sion, 3% 5* which propose transiently sampled intermediated
such as structures in which O4 is protonated.

Electronic structure of the S, and S, states. Recent studies
have challenged the current assignment of the final S; state's
ground spin to Sg = 3.7 5 We stress this assignment is the only
one consistent with multifrequency EPR simulations (X-, Q-,
and W-band).? 5 Assigning the ground state to S = 6, as some
have proposed, is incompatible with both the temperature de-
pendence and the overall structure of the EPR signal.7 3 5

It has also been suggested that the spin density distributions
of the S; and S,' states are essentially identical.5* This claim is
based on the re-interpretation of published 5sMn-EDNMR
data,” 3 which did not resolve NMR transitions for two Mn
ions— alleging that these transitions were not observed be-
cause they fall within the EDNMR experiment’s blind spot.
This assertion is incorrect. The sensitivity of EDNMR is signif-
icantly higher at lower frequencies, where such transitions—
if present—are readily observed. As shown in Fig. 3, these low-
frequency transitions are much more intense than those at
higher frequencies.

Finally, while the S, state signals observed in the mesophilic
cyanobacterium Synechocystis sp. PCC 6803 resemble those
seen in thermophilic cyanobacteria, the mesophile is clearly
more heterogeneous.’s In this respect, they resemble higher
plant systems, which historically exhibit more complex S-state
signals, which are sensitive to sample preparation and illumi-
nation conditions.'” 5% In the case of the mesophile, at least
four overlapping subpopulations contribute to the S; signal.>s
This complexity is not observed in thermophilic cyanobacte-
ria, where the electronic structures of the S; and S;" states can
be characterized more cleanly and in isolation.” 3
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Figure 4. Multistep S, to S, progression. Redox isomerism in
the Sz state shifts the Mn!!' ion to the dangler Mn site. Depro-
tonation of W1/ redox tuning of Mn4 allows S-state advance-
ment. Facile ligand rearrangement of W1 and W2 opens a co-
ordination site for water binding at the terminus of the O4
water channel to the five-coordinate Mng. Intramolecular
proton transfer results in final S3* state.

CONCLUSIONS

Mechanistic Insights into the S, to S; Transition: Role of
Proton Release and Redox Shuttling. It is well established
that the transition from the S, to the S; state is triggered by
proton release,*8 49 most likely involving the deprotonation of
W1 to Asp61.57 % In contrast, the S, to S transition is decou-
pled from proton release,#9 5° and consequently is the only S-
state transition to occur in the frozen state. The results
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presented here are consistent with these earlier finding
namely: that S, state progression is pH independent,> whereas
lower pH leads to a decrease in the yield of both S; state forms.
Data shown here also shows that water binding does not occur
in the S, state. As a consequence, a plausible interpretation for
the presence of two S, state forms is that one form (S3’) repre-
sents the cofactor prior to water binding. The observation that
the S3’ state can be stabilized upon addition of water ana-
logues that associate with the O4 water channel, supports this
notion.

It can therefore be surmised that proton release facilitates
both Mn oxidation and water binding.5s As described in the
introduction, this likely proceeds via the S, (g = 4.1) state, >
which is stabilized at elevated pH.5° In contrast, the S; (ML)
state likely represents a protective form of the cofactor, shield-
ing it from oxidative stress. The clearest evidence for this
comes from studies on Ca>*-depleted PSII, where only the S,
(ML) form is observed; the S, (g = 4.1) state is completely ab-
sent, and water-splitting activity is abolished. If water inser-
tion during the S; — S; transition simply involves water bind-
ing at Mn1, Ca** removal should enhance water access to Mn1
and the lower the redox potential of the Ca** depleted cofac-
tor, make oxidation to the S; state more favorable.

Instead, forming the S, (g = 4.1) state - redox shuttling of the
Mn!" site to the so-called "dangler” Mn - is essential for pro-
gression to the S, state and for subsequent water splitting ac-
tivity.3" 57 This relocation allows the cofactor to be redox tuned
via deprotonation of Wh. In this way, proton egress and redox
leveling during the S, — S; transition are tightly coupled pro-
cesses?. The formation of a five-coordinate Mn'V ion—a
stronger Lewis acid than Mn'"—then drives water binding.>'
Thus, the cofactor is unable to bind both substrate waters un-
til it reaches the S, state—the final metastable S-state before
0-0 bond formation.” This mechanism effectively suppresses
premature two-electron oxidation chemistry (e.g., peroxide
formation), a remarkable feat given the cofactor’s aqueous en-
vironment.

MATERIALS AND METHODS

PSII core complexes were prepared from T. vulcanus as de-
scribed in ref.34 45% glycerol v/v added to the sample as glass-
ing agent. PSII was poised into the S1 and Sz states by pulsed
laser following the illumination protocol used in Morton et
al.3, The g=4.1 form of Sz state was generated by illumination
with a Ti:S laser (Schwartz EOQ) pumped with a Continuum
Verdi G CW laser at 532nm. Multiple filters and a dispersing
prism were used to exclude light from the pump laser and any
fluorescent light from the Ti:S laser. The sample was illumi-
nated at 140K with 775 nm ~200mW for 10 minutes. Annealing
the sample at ~200K recovered the g=2 state. The sample was
then illuminated using the same procedure at 2 K.

Samples from the same batch were used in EPR control meas-
urements. The S, (multiline) state was generated 200k. The
g=4.1 form of S, state was generated at both 140 K and 6 K by
direct illumination using a purpose-built laser diode array that
was mounted on the EPR cavity. Varying the glycerol concen-
tration between 10-40% did not substantially change either S,
state signal or the yield of S, state interconversion.

PSII core complexes were prepared from C. merolae as de-
scribed in ref.?”. Samples were suspended in a buffer contain-
ing 0.4 M, 40 mM MES, 10 mM CaCl,, 0.04% DDM. The pH
was controlled by dropwise addition of HCl, KOH under

constant monitoring via a mirco pH meter, constant stirring,.
DDM was added last to prevent excessive foaming during mix-
ing. The concentration of W-band EPR samples (0.7 mm ID)
was approximately 4 mg Chl ml* Sample were exposed to a
short ~520onm RT illumination, in place of a pre-flash to avoid
observed sample degradation. Samples were then dark
adapted on ice for 20 minutes. Half of the 6 replicates were
subsequently frozen to liquid nitrogen (3x S, replicates). The
other half were doubly flashed by a Nd-YAG laser (~100 m],
532 nm) and immediately frozen to liquid nitrogen (3x S; rep-
licates). MeOH treated samples were prepared in the same
way except MeOH was added to the dilution buffer prior to
mixing with PSIIL. Final MeOH content was 5% (v/v).
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SI_2.1 Spectrometer System Improvements

The aim of this project was to determine and interpret the OEC-based MCD spectrum of each S state,
along with its field and temperature dependence (VTVH). To achieve this gaol, the spectrometer system
described in previous publications [1] [2, 3] needed to be significantly modified and enhanced.

A: Detector/Sensitivity

Both the gain and spectral response of avalanche diodes vary strongly with temperature. To stabilise the
sensitivity of the detector system, the 5 mm Adanced Photonix Si avalanche diode detector was temperature
controlled to + 0.1 C using a liquid-cooled brass block attached to the detector assembly. Operation of the
diode at below room temperature (10° C -14" C) increased the avalanche gain significantly. This, along with
the greatly improved light throughput of the new sample cell design, enabled the electronic gain in the trans-
impedance amplifier connected to the diode to be decreased to 10° V/A. This reduction in amplifier gain
enables higher light levels to be accommodated by the detector assembly. As the system sensitivity is shot-
noise limited under normal operation, these modifications led to a significant improvement in the signal/noise
available in (M)CD spectroscopy. We were able to achieve a sensitivity level of better than peak-to-peak AA
~5x107 with a spectral bandwidth of 2 nm, for an accumulation time of 0.5 s, throughout the 700 nm-1000 nm
region.

B: Shielding Removal

The magnetic shielding encasing the spectrometer system split-pair superconducting magnet, initially
constructed to shield photomultiplier detectors, was responsible for small movements of the sample (relative to

the optical beam) occurring when energising the magnet. These movements led to large and unpredictable
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changes (relative to sensitivities available) in the CD zero offset and thus spurious and apparent MCD signals,
i.e. CD ‘signals’ that varied with magnetic field. An avalanche diode, unlike a photomultiplier, does not
require shielding from stray magnetic fields, thus the magnet housing was replaced with a fully non-magnetic
assembly.

C: Sample Stability in Field Gradients

More subtle movements of the sample relative to the spectrometer light beam were found to occur upon
energising the magnet. These were induced by ‘Gouy Balance’ forces on the sample rod and/or on the sample
itself. Any material placed in a magnetic field gradient experiences a force [4] which scales as the product of
the magnetic field and the field gradient aB. dB/dx. The materials from which the rod/cell/sample are made
experience such forces. Significantly, the force does not reverse with the direction of the field as reversing the
field also reverses the direction of the gradient. The phenomenology that exposes this effect is that the CD
offset induced by energising the magnet does nof reverse upon reversing the magnetic field magnetic field and
is also prone to sudden ‘jumps’ Such movements of the sample were minimised by installing a beryllium-
copper spring guide to actively locate the sample rod position. The guide was located near the bottom of the
variable temperature inner cryostat.

D: Temperature Control

A temperature control system, based on a carbon resistance sensor [5] [6] and a solenoid-operated pump
valve, was introduced to stabilise the temperature of the superfluid helium bath to 1.80 K + 0.01 K. Although
less precise temperature control may suffice MCD measurements, the control system improved temperature
stability and more significantly, reduced offset drift/changes by keeping the column of gas in which the
sample rod resides at constant pressure and thus to a constant temperature profile. This minimises movements
of the sample associated with lengthening of the rod upon (overall) warming within the inner region of the
cryostat.

Obtaining reliable and reproducible spectra at temperatures above 2 K required a careful approach.
Between 2 and 4 K bubbling of liquid helium introduced noise. Above 4 K extremely good (better than = 0.1
K) temperature stability was required. The entire sample column of gas above the sample needed to stabilise
for a period of 10-30 min before reproducible spectra could be obtained. It was also necessary to record a
baseline (0 T) spectrum at each temperature, as residual small shifts in the sample associated with changes in
the length of the sample rod with temperature led to significant baseline offsets.

E: Sample near-1IR inspection/photography

Being able to inspect a frozen sample to check for cracks, bubbles, leakage and defects (clumps of
coagulated protein) is an important feature of our spectrometer system. Thick, concentrated PS 1I samples have
extremely high optical density in the visible region, which precludes inspection with visible light.
Additionally, illumination of the sample with visible light leads to reaction centre driven photochemistry. This
in turn creates unwanted changes in the state of the redox centres in the sample and can induce changes in
near-IR spectra due to carotene radical creation and changes in the deep red charge transfer state of PS 11 etc.

To visualise the sample without inducing photochemistry, a near-IR enabled Nikon D5000 DSLR, fitted
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with a Tamron macro lens, was placed at the transverse window of the split pair of the superconducting
cryostat, and was focussed on the sample. The Spex % M double monochromator and lamp system, also used
to induce fluorescence in samples or drive reaction centre photochemistry, as described in previous
publications [2, 7, 8], was used to illuminate the sample with monochromatic radiation in the 800 nm -1000
nm region from the matching transverse window. The optimal wavelength required to visualise the sample is
controlled by adjusting the wavelength setting of the double monochromator. In this way, any defects of the
sample could be identified before making any spectral measurements. A permanent record of the cracking

pattern in each sample was stored by means of the image obtained on the near-IR camera.

g;ili:i fslffal;e colour image taken of a I mm thick PS Il sample, as used in our PS If OEC measurements,
taken by back illumination at 800 nm (see text). A mask 6 mm in diameter selects the region of the 12 mm
diameter cell having optimal optical characteristics. The sample was at 1. 8 K and exhibits a cracking pattern
typically seen for our samples, as well as etalon fringing associated with detachment of the PS Il glass from
the surface treated quartz cell.
SI_2.2 Hydrophobic/lipophobic sample cells

We embarked on an investigative program so as to determine why samples cracked and became
opalescent in unpredictable ways and to determine why different sections of a glassy sample exhibited
significantly different levels of strain. We established that the critical driver of both strain and fogging
characteristics of the sample was the degree of attachment of the frozen sample mixture to the cell, rather than
being an intrinsic property of the glass itself. We subsequently developed a procedure to treat the cell with a
transparent, robust coating that was both highly lipophobic as well as highly hydrophobic [10]. These new
generation cells gave rise to frozen samples with =10 greater transmission than for an untreated cell and the
same sample mixture. The treated cells also exhibit far less strain and less variable strain over the sample.

Strain-induced birefringence in a sample can, in severe cases, lead to distortions of CD spectra. Lower
levels of strain can also lead to an apparent CD signal i.e. offset or baseline problems, even in regions of no
absorption. This is because there is invariably a level of linear dichroism present in the detector and optical
system of the spectrometer. This combines with strain birefringence to produce the CD offset. If the strain is
not sufficiently homogeneous, microscopic movements of the sample with respect to the spectrometer beam,
induced by energising the magnet, can result in artefacts in MCD spectra, as discussed in various parts of the

manuscript and Supplementary Information. These artefacts can be of greater magnitude than the (relatively
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small) MCD signal arising from the OEC (see Fig. SI 3.1a). As mentioned above, the transmission of samples
was also affected by strain. Strain causes the sample to devitrify, resulting in a translucent (foggy) sample
instead of a transparent glass.

To reduce the strain, we looked to apply a strongly hydrophobic coating on the inside of the sample cells
used previously. The reduced surface energy resulting from this treatment enabled the sample to detach from
either one or both sides of the quartz cell as it cooled and contracted.

The sample cells were prepared by treatment with a low-pressure RF plasma reactor containing water
vapour. The power level used was 30 W for 60s. This generated an extremely clean quartz surface having
exposed and highly reactive hydroxyl groups. A solution was prepared with 50uL of 1H,1H,2H,2H-
pertluorooctyltrichlorosilane added to a dry mixture of 5 mL of hexadecane and | mL chloroform. Cells where
filled with this solution and left for ~10 minutes. They were then rinsed with ethanol and baked at 100 °C for
one hour. The chlorosilane undergoes a reduction reaction with hydroxyl groups on the surface of the quartz to
form a monolayer that is both hydrophobic and lipophobic. This procedure formed a coating that did not
significantly reduce the transmission of the quartz cell and the coatings were able to survive repeated
freeze/thawing cycles down to 1.8 K, as well as being able to survive exposure to a variety of (cleaning)

solvents.

Figure SI 2.2a
Idealised structure o a hydrophobic monolayer (black) on the treated quartz surface (blue).

In principle, there is only a single self-assembled monolayer at the quartz surface [9]. After treatment and
cleaning, areas of a white residue remained on the inside of the sample cells, due to polymerisation of the
coating. However any scattering from these small residues was negligible. After applying the treatment, the
effective transmission of the lmm sample cell with the same sample, frozen to 1. 8 K, increased from
nominally 2-15% transmission at 800 nm for untreated cells to 45 - 55 % for the coated cells.

Table SI 2.2a
Contact Angle

sample dvancing Static Receding

H,0 11° 111° 45° 1 5°
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The contact angle of the coating on an isolated quartz window was measured (Table SI_2.2a) to quantify the
effectiveness of the surface treatment. Advancing and receding contact angles were measured using a KSV
CAM200 Goniometer instrument [10]. The buffer and cryoprotectant mix used was the same one used to
dilute our PSII core samples, it contained ~50% 1:1 glycerol/ethylene glycol, 10mM Mes-NaOH (pH 6.0), 10
mM NaCl, 1.5 mM CaCl,. The test sample was a mix of PSI and PSII recycled from earlier MCD experiments.
The contact angle of water on the treated quartz surface reproduced the value previously given in the
literature for this coating [10]. For a clean (untreated) quartz surface, the contact angle for the test liquids was
close to zero, and less than 10° for a surface having some residual protein residues (this replicates the situation
when the cells are not effectively cleaned). The test sample had a significantly lower advancing contact angle

than the buffer, which is likely due to the high concentration of protein present.

Figure SI_2.2b
The hydrophobic characteristic of the surface treated cell is immediately evident from the nature of the
meniscus generated by the solution being transferred. The cell is being filled with a syringe with the PS II
preparation at the concentration (~5 mgs/ml Chl-a) used in this paper. The sample rod and 6 ¢ mm mask is
seen (left) in the background.
SI_2.3 Sample Hlumination Systems and Protocols

The internal components of the YAG flash illuminator are shown in Fig. SI_S2.3a with the top casing of
the unit removed for clarity. Laser pulses enter through the shutter aperture and are split 50:50 at the 45"
splitter element. The transmitted fraction of the light then passes to the front of the sample (dark disc) whilst
the reflected component is further reflected via three fused quartz prisms (acting as 45° reflectors) with 50% of

the laser pulse illuminating the rear of the sample. Fig, SI_S2.3a also shows the two halves of the split sample

shielding/transport unit with the sample rod placed in the shielded position.
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Figure SI 2.3a
Views of the YAG laser-flash illumination unit and sample rod with the light-tight lid removed, as well as the
split shield sample transport unit (see text).

Fig. SI_2.3b illustrates the sequence where the sample is YAG laser-flashed, rapidly translated into the
assembled split shield and then removed from the illuminator unit in a light-tight transporter unit. The
temperature of the illuminator unit/sample can be controlled by passing gas at the appropriate temperature

through the unit.

Shield Transport to Cryostat

3 rk positi
lllumination push up to dark position n dvkpossion

flash position

Figure SI 2.3b
The process of sample flash illumination, transfer of the sample to the removable and light-shielded
sample/rod holder and the removal and transport of this assembly

The sample is transported to the cryostat in the light-tight shield and fitted on the cryostat lock as shown
in Fig. SI_2.3c. The sample can then be lowered into the cryostat and cooled to 4 K within 1-2 minutes of the
YAG flash without being influenced by any ambient light in the laboratory. The split lock can then be

removed from the sample rod and the sample rod attached to the cryostat with a gas tight seal in the usual way.
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Figure SI_2.3¢
Placement of the transportable sample/rod shield on the cryostat lock, cooling of the sample to crvogenic

temperatures and sealing of the superconducting magnet crvostat (see text).

CW near-1R illumination was performed with a Schwartz EO Ti:S laser pumped by a Verdi-G laser. Any
visible light contamination of the laser source was removed by directing the beam to a Littrow prism and then
propagating the beam ~20 m to the spectrometer. This eliminated any visible light as well as a large fraction of
the Ti:S laser fluorescence pedestal collinear with the laser beam. At the 20 m propagation distance the laser
beam was ~1 cm in diameter and directed to the sample with plane mirrors. Any spurious room light was
eliminated by a Schott RG-720 red pass filter, which was placed in front of the cryostat window.

SI_2.5 MCD and EPR S-state controls for T. vulcanus PS Il

As mentioned in the introduction section of the manuscript, our initial near-IR MCD measurements
exhibited two limitations [ref]. The two key difficultics were that
i) The MCD ‘zero level” could not be experimentally determined and consequently could only be modelled.
ii) It was uncertain as to weather S-states other than S, contributed significantly to near-IR MCD spectra.

Both of these difficulties have now been resolved by means of the improved spectrometer, effective

illumination systems and our hydrophobic/lipophobic quartz cell design.
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Figure SI 2.5a
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The CD (black) is shown along with MCD+CD with alternate 5 T and -5T applied fields (solid and dashed
green traces, respectively). Spectra were taken at 1.80 K of a =5 mg/ml PS II preparation of T. vulcanus
poised in the S, state (see text). The red trace is the CD spectrum calculated by averaging the CD+MCD
measured at 5T and -5T fields. The blue trace is the corresponding MCD spectrum generated by averaging the
subtraction of 5 T and -5 T spectra. The brown trace is the 1.80 K, 5T MCD spectrum of a Tris-washed PS 11
preparation of equivalent Chl-a concentration, in which the Mn,Ca0s cluster and cyt cssyare removed. The
right hand panel provides expanded detail in the 730 nm- 830 nm region.

The sensitivity, precision and reproducibility with which MCD spectra can now be measured in the 710
nm — 1050 nm near-IR range is demonstrated in Fig. SI 2.5a. MCD measurements at wavelengths shorter than
710 nm are not practical, because of the rapidly-increasing optical density of the sample. If the sample were
made more dilute, MCD signal strengths would become impractically low. There is also the issue of actinic
effects of measurement light driving PS II reaction centre photochemistry. For PS 1I at low temperatures,
measuring an absorption spectrum can lead to changes in the absorption spectrum itself. This process is
known [7] to change the intensity of the charge transfer state of PS II and its subsequent B-term MCD [3].
Displayed in Fig. 81 2.5a is an unadjusted CD spectrum of PS II in the S, state, along with ‘raw” MCD+CD
spectra, taken in +5 T and -5 T applied fields. The CD spectrum shows a negative signal at 712 nm associated
with the PS I ‘red trap state’. The amplitude of this CD signal serves to quantify the =1% PS I contamination
of our PS Il preparation.

The CD spectrum generated by adding the spectra taken at +5T and -5T (thus nulling the MCD
component) is superimposable on the CD spectrum taken at 0 T. The MCD spectrum thus inverts
quantitatively with the direction of the applied field. There remains no doubt that the MCD spectrum zero
level has now been correctly determined.

We can also demonstrate that illumination protocols described (Section 2.3) to prepare the samples in the
Si (and higher) states are indeed robust. The spectral profile of the MCD in Fig. SI_2.5a, apart from an offset,
is almost identical to that previously reported (Fig. SI_2.5b). A close comparison of spectra in the 770 nm
region with those previously published, points to the presence of a very small secondary component in
previous spectra. This can be attributed (see Section 3.4) to the presence of a small amount (<5%) of the S,
state. To ensure that the relatively narrow feature at 772 nm was not associated with minor population of S, a
PS 11 sample was pre-flashed and then dark-adapted for 24 hours at 20° C. The subsequent S; MCD spectrum
was identical to that obtained when the sample was dark-adapted for 1 hour. Thus the weak, narrow feature at
770 nm can be confidently attributed to the S, state of the OEC in T. vulcanus. These new data (Fig. 1) help
establish that the LMCT bands of PS Il in T vulcanus extend throughout the 730 nm - 800 nm region,
extending to the region of Chl-a based signals at shorter wavelengths.

A further control experiment was performed on S, to exclude the possibility of near-IR photoactivity in
the sample in this S-state. MCD spectra taken before and after 140 K illumination with 200 mW of 775 nm
laser light for 10 minutes were compared. There was no detectable change.

The MCD spectrum of a Tris-washed PS II sample, having a Chl-a concentration similar to the active PS

11 sample, but stripped of its MnyCaOs cluster and cyt ¢sso, is also shown in Fig. SI_2.5a. This spectrum has a
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positive B-term MCD at short wavelengths (arising from Chl-a), which is similar to that seen in the oxygen-
evolving sample. The Tris-washed sample has ~1/2 the LMCT signal, as monitored near 1000 nm. This
reflects the fact that one of the two cytochromes of 7. vulcanus PS 11 has been removed by means of the Tris-
wash. A detailed study of cyt ¢ssp in PsbV isolated from 7. elongatus will be published in a forthcoming
article.

The Tris-washed PS II MCD spectrum shown in SI_2.5a establishes that there is no equivalent to the 770
nm feature in the Mn-depleted PS Il preparation. The 740 nm to 820 nm spectral region is featureless and
confirms that the structure seen is due to the OEC in the S, state. The Mn-depleted sample does however
exhibit an extremely broad, flat positive MCD signal throughout the important 710-800 nm spectral region.
This signal is field dependent, saturating towards 5T at 1.80 K. Detailed field and temperature dependencies
for the Tris-washed sample are provided in Figs. SI_2.5¢.d.

An indication as to the source of the broad underlying feature is provided by changes in spectra of Mn-
depleted samples when pre-flashed, using the same protocols used for the oxygen-evolving PS Il samples.
Little change is seen in the MCD of Chl-a and LMCT features but there is a =10-20% increase in the
background signal in the 740 -830 nm region Also, in oxygen-evolving PS II samples which had been YAG
laser-flashed many times, there is a (smaller) build-up of a similar broad, positive and paramagnetic signal. We
thus attribute this broad background signal in both active and Mn-depleted PS 11 preparations to a build-up of a
(high-spin) ferrous heme form of cyt bsso. The MCD of a high-spin ferrous form of cyt b, from E. coli, which
has similar properties [11] to cyt bsso displays just such a broad spectral feature in this spectral region.

The remaining inorganic cofactor of PS 1l that could potentially contribute to MCD in the near-IR
spectral region is the non-heme Fe(1l) at the RC acceptor side. This chromophore is expected to exhibit a spin-
allowed d-d crystal field transition of the d° configuration of octahedral Fe(II). Related non-heme Fe(Il)
complexes have been studied [12] and exhibit a broad positive MCD peak around =1000 nm with full width at
half maximum (FWHM) of =150 nm and a magnitude at 5T 1.8K MCD of Ag =2 M cm™. In PS II, this non-
heme Fe(1l) MCD signal will be subsumed by the prominent cytochrome LMCT ‘tail’ feature in Fig. 1. This
LMCT signal has comparable width to a non-heme Fe(1I) band but has an order of magnitude stronger MCD at
5T and 1.8 K, having a Ag =20 M'em™ at 1000 nm.

To confirm that the non-heme Fe(1l) does not contribute to S-state MCD spectra significantly, Tris-
washed PS 11, in which the non-heme iron remains in the native (Fe(1l)) form, was treated with ferricyanide.
This process is known to oxidise the non-heme Fe(1l) to the Fe(1Il) form. The oxidised form would not be
expected to give rise to a near-IR MCD signature. However, ferricyanide may also lead to the oxidation of the
high-spin ferrous form of cyt bsse and thus reduce any (broad) MCD associated with this species. Ferricyanide
treatment of Tris-washed PS 1I does lead to some reduction in the broad background MCD signal, as well as
leading to the generation of distinct MCD features [3] arising from P700™. As the signal background in Tris-
washed PS Il is not fully eliminated, and as it is almost absent in oxygen-evolving PS 1I, an assignment of the

background signal to a high-spin Fe(1l) form of cyt bsso is justified. EPR control measurements also show that
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the high-spin Fe(I1I) form of cyt bssy is significantly more intense in Tris-washed samples, consistent with
these observations
The S, MCD data previously published [3] can be made consistent with the current data by systematically

offsetting spectral curves so as to be compliant with the zero levels established in our current series of

measurements.
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Figure SI_2.5b
This figure shows MCD spectra of T. vuclanus by applying appropriate offsets to the data from Fig. 5 in [3]
Jor each field and temperature so as to be compatible with the accurately determined (M)CD zero levels in the
current work.

The field dependence of the MCD of Tris-washed PS Il is presented in Fig. SI 2.5c. Spectra are shown
for a full set of magnetic fields from -6T to 6T. The sign of the magnetic field refers to its direction relative to
the propagation direction of measuring light. The field dependence seen and mirror symmetry between

positive and negative fields confirms that the broad, flat MCD between 750 nm and 800 nm is both real and

paramagnetic in nature, as it saturates strongly between 5 T and 6 T.
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Figure SI_2.5¢
Field dependent MCD of Tris-washed T. vulcanus PS 11 core complexes in forward and reversed applied

magnetic fields. Spectra are all taken at 1.80 K.

The temperature dependent MCD of the Tris-washed PS II sample (Fig. SI_2.5d) uncovers a positive B-
term component in the 750 nm - 850 nm region, which is far less noticeable in the oxygen-evolving PS II core
samples. The low energy charge transfer state in PS II has a long-wavelength positive B-term of comparable
magnitude but extends only to = 730 nm. One possibility is that the equivalent deep red state [3, 7] moves to
longer wavelengths in this treated sample, giving rise to the B-term extending to significantly longer
wavelengths.

Spectra of the Tris-washed sample serve to highlight that cyt b55 LMCT MCD extends to ~830 nm in 7.
vulcanus. At shorter wavelengths the cyt ¢ss50 LMCT MCD component as seen in intact 7. vulcanus PS 11
dominates. Note that the 710 nm -730 nm temperature dependent component is similar to that seen in intact

PS 1I (Fig. 4 of the main article) and is likely due to cyt bssy and not cytcssy.
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Figure SI_2.5d
Temperature dependence of the MCD of Tris-washed PS Il from T. vulcanus at 5 T at the temperatures
indicated. The purely temperature-dependent component is given in the upper (magenta) trace.
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High sensitivity field dependence of the MCD of PS Il of T. vulcanus in the S, state at 1.80 K at fields up to 6

T.

The utility of measurements at low applied magnetic fields, when the temperature of the sample

is less than 1.8 K, is demonstrated by the divergence of simple isotropic models for saturation and a

weakly diamagnetic exchange coupled case in Fig SI_3.2b. Lower temperatures can be achieved by

installing a more powerful pump and having larger diameter pump lines and control valves. Control

of the temperature to + 0.1 C is likely to be equally important to maintain stability of the thermal

profile of the sample column in the cryostat and avoid drifting offsets.

Figure SI 3.2b
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Comparison between simple isotropic g=2, §=1/2 MCD saturation behaviour (dashed lines) between 1.2 K
and 2 K compared to the behaviour of the J = -0.2 cm™ exchange coupled model (see main article). The curves
are normalised at 1.8 K and 5 T for the two models.

The B-term component of fO(S,), f1(S2) and {2(S3) spectra is highlighted in Fig. ST 3.2¢. Shown
are MCD spectra at 6 T as well as the difference spectra taken at high fields. For (6 T - 5 T) spectra,
the paramagnetic MCD component is minimal, as spectra at 5T are close to being saturated. These
difference spectra are virtually identical. This establishes not only that the B-terms associated with
Chl-a contributions between 710 nm and 730 nm are not changing, but also that no new B-term MCD
components are generated in the S> or S; state. This is in contrast to the Sy state in which an

unidentified and strong negative B-term feature is generated by the third flash (Fig. SI_3.2h).

| PS Il S-State
MCD difference
(6T-5T) 1.80 K

700 750 800 850 900
Wavelength [nm]

Figure SI 3.2¢
The 6 T MCD spectra for fO(S,), f1(S:) and f2(S3) are shown (lower traces) along with (6 T-5 T)
difference spectra for these configurations (upper traces).

Near-IR illumination of the f1(S.) configuration at 140 K leads to noticeable changes in the
resultant f1*(Sz) configuration. These are clear in the field dependent spectra in Fig. SI 3.2d. A

significant lowering in MCD intensity in the 750 nm region is obvious.
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gi};ar;a;;;jri the field dependent MCD spectra, taken at 1.80 K of the PS Il sample in the f1(S)
configuration and then after near-IR illumination (then labelled as the f1%(S3) configuration). Ti:S
CW laser illumination was at 775 nm, using 100 mW of laser power for 10 minutes. The sample was
illuminated at 140 K in the system cryostat and lowered to 2 K over a 20 min period.

The changes in moving to the f1*(S,) configuration are made clearer in Fig. SI 3.2e where MCD
difference spectra [f1*(S2)-f1(S;)] generated at both 2 T and 5 T are compared. The major change is
revealed as a broad negative MCD feature extending to our short wavelength limit of 710 nm. This
broad MCD feature has the same amplitude (to within experimental error) at both 2 T and 5 T. Thus
this feature is consistent with being associated with the S,g4 state of PS II.

EPR controls have shown that the yield of S,.g4 is low in our samples, which is in turn consistent
with there being a barely visible bleach of the S, spin flip bands. This suggests that the broad, high-g
S,g4 feature seen at shorter wavelengths is far stronger than the multiline g=2 feature it replaced. A
bleach of multiline S; is barely visible (Fig. SI 3.2e upper panel) and is <10% of the total S
amplitude.

The generation of a broad high-g feature at higher energies by means of 140 K near-IR
illumination suggests that this band is a feature of the S,g4 S-state and associated with a spin-allowed

band of Mn(III), as is seen in many MnCat model compounds [13] [14].
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Figure SI_3.2e

Displayed (lower) are the MCD spectra from Fig SI_3.4d of PS Il sample in the f1(S>) and f1*(S,)
configurations at 2T and 5T. The upper traces show the corresponding MCD differences [f1*(S.)-
12(S,)] at 5 T (black trace) and 2 T (grey trace). The green trace is [f1(S:)-f0(S,)], which
approximates an S» MCD spectrum, is shown for comparison.

Upon near-IR illumination of the f2(S:) configuration at 1.8 K (Fig. SI_3.2f), measureable

changes in the MCD spectra are seen.
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Figure SI 3.2f
Displayed are the field dependent MCD spectra, taken at 1.80 K of the PS Il sample in the f2(S;3)
configuration and then after near-IR illumination (then labelled as the f2%(S3) configuration). Ti:S
CW laser illumination was used at 775 nm, with 100 mW of laser power for 10 minutes. The sample
was held in superfluid helium near 1.8 K during illumination.

These changes are highlighted in the difference spectra in Fig. SI_3.2g. When compared to the

OEC-based S2 spectrum provided for comparison, it appears that there is a pattern that can be
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interpreted as a reduction in OEC-based S; MCD upon illumination. The field dependence of this
reduction would further point to it being a g=2 s=1/2 component. There is a positive feature at shorter
wavelengths that does not seem to be paramagnetic. However, there is no evidence for a change in
the S; component upon illumination. EPR control experiments also indicate that the S; near-IR

photoactivity in our samples is minimal.

700 750 800 850 900
Wavelength [nm]

Figure SI 3.2g

Displayed (lower) are the MCD spectra from Fig SI 3.5b of PS 1l sample in the [2(S;) and [2%(S3)
configurations at 2T and 5T. The upper panel show the corresponding MCD differences [f2*(53)-
12(S3)] at 5T (black trace) and 2T (grey trace). The green trace is [f1(S:)-f0(S1)] which approximates
an 8> MCD spectrum is shown for comparison.

One possibility is that illumination of the S; component of the f2(S;) sample leads to a
substantial bleach of S, due to the formation of the split S;-TyrZ" system [15] [16], which would then

need to be metastable at 1.8 K.
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idl’gclg‘eﬁi{ﬁ?,cﬁgéndence of the Sy component (lower traces) of the f3(Sy) spectrum of PSII, corrected for 83 and
S2 content and rescaled (see text) along with step-wise MCD increments of the MCD (upper traces) for (1T-
0T), (2T-1T), (3T-2T), (4T-3T) and (ST-47T).

The shape of the negative B-term induced by YAG laser-flashing S to S, becomes quite apparent when
the positive B-terms arising from Chl-a is subtracted. This subtraction, and elimination of most of the
cytochrome signals is achieved by taking f3(5,) spectra at each magnetic field, correcting them for S; and S;
content and then scaling for 100% S,, yield, as described in the manuscript. These corrected S, spectra can
then be used to create [So-Si] spectra at each applied magnetic field H. These field dependent spectra are
displayed in Fig. SI 3.2i, along with an S, spectrum for comparison.

This set of MCD difference spectra clearly reveal the build-up of a broad feature, linear in magnetic field,
extending from an extreme value near the limit of measurement at 710 nm, to being close to zero near 900 nm.
There is a small non-linear (+) feature evident near 770 nm in this set which is the (inverted) S; OEC MCD
introduced by the subtraction of S; MCD in the procedure.

A broad B-term MCD in the near-IR region is characteristic of Chl-a radicals and p-carotene, but these
radicals have the opposite MCD sign [3, 17]. The charge transfer state in PS 11, also has a positive B-term
MCD signal [8]. At this stage, it is not possible to assign the B-term MCD to the Mn,CaOs cluster as the field

and temperature dependence of the feature is diamagnetic and the S, state is known to be paramagnetic.
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Figure SI 3.2j
Field dependent MCD differences [Sy—S:1] (lower traces) along with an S; reference spectrum recorded at 5T.
All spectra are taken at 1.80 K.

So as to further establish the bona fides and characteristics of the S, state, MCD spectra of the sample
were taken after four flashes. These are compared to the three-flash MCD spectra in Fig SI_3.2j. They show a

significant reduction in the B-Term (pseudo)-peak near 760 nm upon flashing the sample four times. Four

flashes have clearly advanced a significant proportion of S to S;, as discussed in the manuscript.

T T T T T T T T T RS N P P P o o T T o P oy o 2

- 1
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850 750 800 850
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Figure SI_3.2k Field dependent MCD of T. vulcanus PS II core complexes, measured after three and four YAG
laser-flashes. Spectra are all taken at 1.80 K.

_5_....|...
750

SI 3.3 Determining OEC-based spectra of each S-state
Fig. SI_3.3a displays a set of unadjusted subtractions of low noise data for [f1(S,)-fO(S,)] at fields up to 6 T at
1.80 K. The resolution of the spectrometer is =2 nm and thus the =10 nm FWHM features seen are fully

resolved. The sub-structure seen around the three peaks at is somewhat variable. This may be due to S; arising
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from centres in which the structure of the Mn,CaOs cluster varies slightly.

s os))
Field-Dep
2r MCD

PO I T N T T N TN T SO T Y T SO W'
700 750 800 850 900
Wavelength [nm]

E%’DS i;i.c}tial changes upon advancing from S; to the S; state of PS 11, as described in the text as [f1(S:)-
J0(5,)], as a function of magnetic field.

Systematic procedures were developed to determine the OEC-based S MCD spectrum S5 over the full
spectral range. One approach is to use the distinctly different saturation behaviour seen for $,°C and 8,75, A
complicating factor is that the saturation behaviour of the cytochrome tail is similar, but not identical to that of
S,

As the Chl-a B-terms do not change significantly upon flash advancement and the cytochrome C-terms
only vary fractionally, all the B-terms and a dominant fraction of the cytochrome MCD components can be
eliminated by subtracting f1(S;) from f2(S;) spectra to create MCD difference spectra A(3-2)y at each applied
magnetic field H.

Defining

AG-2)u= [2(S3)-F1(S2) ] =[y3.8:7+ (1-ys). 87Dy (1

Where y; is the yield of Ss.

Similarly we can generate A(2-1)y

A== [F1(S2)-F0(S )] = [ya. 875 + (1-y2).8, T = [y2.8." I (2)
At2 T, S;is close to saturation, whereas in S; it is not.
60-2:[A(3'2)ﬁT 'A(3'2)2T] (3)

The double difference has minimal contribution from S; but a significant amplitude arising from S,. The
contribution of S, to A(3-2),r can be corrected for, independently of any assumption for the yield y.

The saturation curve for the isotropic g=2 S=1/2 case appropriate to S, shows that the amplitude at 2 T is
65% of that at 6 T. Subtracting (0.65/0.35) times 8¢., provides the S; line shape, independent of yield. This

lineshape is as the pink curve in Fig. SI_3.3b.
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A second procedure that leads to less noisy spectra is to use the yield of S;, as determined via a graphics-

based determination of the magnitude of the narrow and distinctive S, features still remaining in £2(S;).

As the y;=0 yield amplitude of S, is provided by A(2-1)y, multiplied by the known yield of S,, the S,

component in A(3-2)y can then be subtracted to provide an estimate of $;°°C. A comparison of $;°%“
determined by these procedures is shown in Fig. SI 3.3b. They lead to similar lineshapes and amplitudes. The
yield-based spectrum determined by difference spectra taken at 2 T and the saturation-based spectrum are less

prone 1o errors.
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Fig. SI 3.3b

The top panel shows difference spectra (see text) determined at the magnetic fields of 61 and 2T. The lower
panel has the resultant OEC-based S; MCD spectrum, scaled for 100 % vield from S, and saturation
conditions, as determined by either subtracting distinctive S, features and determining the S; yield, or by
utilising the very different saturation behaviour of S; and S; as indicated.

SI_3.4 Narrow Mn(lV) features in the Near-IR MCD of Model Compounds

A series of Mn(11I)-Mn(IV) dimer compounds[13] modelling MnCat, displayed Mn(IV) spin flips between
806 nm and 820 nm. We reproduced the previously reported MCD data for [Mn,Qa(bpy)s]** with somewhat
better signal to noise ratio. The spectrum shows a clear negative spin flip at 842 nm, built upon a broad
background of Mn(I1I) spin-allowed transitions. We also measured a related dimer[18], DTNE
([dtneMnlIIMnIV-(i-O)2i-OAc](BPh4)2 (dtne) 1,2-bis(1,4,7-triazacyclonon-1-yl)ethane), which shows a
weaker negative spin flip at 880 nm. The nephelauxetic effect for the DTNE system appears to be significantly
larger than for most other model compounds.

We also measured the oxidized cubium’ [19], a cubane-like [LsMn,O,]" system with (L = bis(4-
methoxylphenyl)phosphinate). This displays clear Mn(1V) spin flips at 683 nm and 709 nm. These bear a
marked resemblance to the OEC features in S, but occur at higher energies and have their relative signs

inverted.
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Measurements of the model compounds and oxidized cubium were made at 1.6 K and an applied
magnetic field of 5 T. The glassing medium used was 4:5 propionitrile/butyronitrile (v:v), which was purged
with argon shortly before use.

SI_4.2 Magnitude and sign of spin-flip MCD

The enhancement of spin-forbidden d-d transitions by magnetic exchange interactions was first reported
in1959 by means of measurements on the fluorescent “E—"A spin flip transition in statistical Cr’* clusters as
seen in heavily doped AL O; (i.e. ruby) [20]. This intensity enhancement phenomenon has since been seen in
many systems [21] [22] [23]and is well documented [24] [25] [26]. The magnetic exchange-induced increase
in spin-forbidden transition intensities is also seen for molecular dimers and molecular clusters (e.g. basic and
acid-rhodo Cr(1lI) dimers [26]) and also for magnetically ordered, transparent materials such as RbFeF; [27].
Intensity enhancements are seen for both similar and dis-similar exchange coupled ions and for both spin-flips
as well as d-d excitations involving orbital changes. The enhancement factors observed experimentally vary
significantly. The enhancement has been related to the energy and intensity of electron transfer processes
coupling the two ions.

A theoretical basis for the effect was developed [28], which modelled the electric field of incident
radiation to modulate magnetic exchange interactions between the two metal ions, in both ground and excited
states. This mechanism then serves to relieve both the spin selection rule and the parity forbidden nature of
single ion electric-dipole d-d transitions.

The first report [29] of MCD in an exchange coupled system established that for the system studied,
statistical Mn®" clusters in KZnF;, exchange coupling led to significantly enhanced absorption intensity for
(linear) Mn®'-F-Mn’" exchange coupled ions in the cubic lattice, but that their MCD was weak, with single
ion (monomer) MCD dominating the spectrum. A weak dimer MCD observed is consistent with the Tanabe
exchange-coupled electric-dipole mechanism, as intensity is essentially stolen from a metal-to-metal charge
transfer excitation. The charge transfer process is constrained by the structure of cubic perovskites to be
dominantly linearly polarized and along the metal-metal axis. A purely linearly polarized transition cannot
give rise to MCD [30].

MCD measurements taken at higher sensitivities and with dissimilar ions doped in perovskite fluorides
established that weak MCD (relative to absorption) could be seen for exchange-coupled ions. It was later
shown that this MCD was due to an ‘interference’ term between single ion and pair transitions [31]. A similar
process can be used to explain the (relatively weak) MCD of intervalence charge transfer bands [32] [33],
which are also nominally linearly polarized and would thus be expected to have zero MCD in the simplest
case.

The MCD seen for spin-flips in the OEC, in MnCat and model compounds as well as in cubium”,
although being variable in sign and excitation energy, appear to be quite strong relative to absorption. The
‘intereference” MCD mechanism may not suffice to provide sufficient MCD intensity (relative to absorption)

for the current systems, as it scales as the product of the single ion and pair transition strengths. The single ion
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intensity for spin-flips in Mn(IV) is very low. However, interaction pathway(s) between the two metal ions in
these systems is qualitatively different to the (linear) metal-ligand-metal super-exchange pathway in
perovskites. The bridging p-oxo/hydroxo metal-metal links in our systems offer both the possibility of direct
exchange between the metal ions as well as several (angled) super-exchange pathways through the bridging
ligands. This distinctly different characteristic is a likely source of both the variable sign and strong
magnitude of the MCD observed. Further theoretical development is underway in our laboratories.
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Fig. S6.
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Low-temperature (1.8 K) absorption (black), MCD (blue) and CD (red) spectra of isolated
FRL-PSII.

The low temperature absorption spectrum shows four peaks in the long-wavelength region at
712 nm, 727 nm, 737 nm and 748 nm. The 714 nm peak is strongly reduced in the MCD
spectrum confirming the assignment of the peak to long-wavelength allophycocyanin. In the
CD spectrum the excitonic at (-) 712 nm and (+) 719 nm and also at 794 nm are attributed
allophycocyanin. Note that unlike the sample used in Figure 2, this sample had not undergone
the ion exchange chromatography step and so showed more contamination from
allophycocyanin.
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Fig. S7.
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Low temperature (1.8 K) MCD (red) and absorption spectrum (black) of isolated PSII
and spectral analysis.

The MCD and absorption spectra were obtained at 1.8 K using isolated PSII as described in the
materials and methods. Note that the contaminant allophycocyanin with an absorption peak at
712 nm does not show a MCD peak. Thus the MCD spectrum was used first to determine the
contributions from five long wavelength chlorophylls. The analysis took into account the
different intensities of some peaks in the MCD vs their absorption and this allowed the
contributions from the two broader unresolved peaks to be determined. The following results
were obtained: FRL-chlorophylls were present at 721, 727, 734, 737 and 749 nm with
approximately equal contributions. The individual MCD line-shapes are shown as dashed black
lines and the cumulative MCD spectrum is shown as a dashed red line which is compared with
the experimental spectrum (solid red line).
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Fig. S10.
A
10 T T T T T T b T T T
5
107 E
= ~ —_—
k=] =1
E s
[=]
2 8
© )
o
w0
2
o
b=}
=
00 I T T 1 T I 1 1 T 00
660 680 700 720 740 V60 780 800 820 840
wavelength (nm)
B
T T T T T T T T 0.9
3.0 1
755W o
745
259 HW 0T
725 nm E o
) ”iwwM;ﬁ\“““ﬁquJumanfy*m““wwa 06 X
§ 204 L N A A
8 " s
2 151 8
:
1.0 5
=5
=
0.5
0.0 0.0

il T T T T T T T T T = T T T T T T
660 680 700 720 740 760 TBO BOO 820 B840
wavelength (nm)

Excitation dependence of fluorescence emission at 77 K in isolated FRL-PSII (A) and
FRL-PSI (B).

Fluorescence spectra at 77 K were collected at a series of wavelengths from 590 nm to 756 nm
using matched excitation intensities (~6 pM photons cm?). The black spectra are the absorption
spectra at 77 K of the test sample. Note this preparation had a marked contamination from long-
wavelength allophycocyanin (absorption peak at 712 nm) as it had not undergone the anion
exchange chromatography step used in most of the other experiments. For PSII the maximum
emission is at 755 nm at all excitation wavelengths. The 755 nm emission is lowest when
exciting at 710 nm, suggesting that the allophycocyanin (712 nm) is poorly connected to PSII
in terms of exciton transfer. The emission peak at 720 nm could be from allophycocyanin but
there is also a shoulder at 740 nm which has previously been attributed to the emission from
this pigment (65). The 755 nm emission is bigger when excited at 673 nm, the peak of chla
absorption, and there is very little chla fluorescence (685-700 nm), indicating that essentially
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all the chlais connected directly or indirectly to chlf The fluorescence below 650 nm is emitted
from a contaminant of disconnected shorter wavelength phycobilisomes. PSI shows a
maximum emission at 812 nm at all excitation wavelengths. Two additional peaks at 730 nm
and 755 nm are visible. The 730 nm emission is biggest when excited at 710 nm suggesting that
the allophycocyanin is poorly connected to PSI. The emission wavelength fits well with
previous observations made for isolated allophycocyanin in other species (23, 88). The emission
at 755 nm indicates a minor contamination of the sample with PSII while no PSI contamination
in PSII was seen.

Fig. S16.
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Low-temperature (77 K) Pzoo™* difference spectrum using isolated FRL-PSI (red) and
WL-PSI (black).

The 77 K difference spectra were obtained as described in the materials and methods. Bleaches
at 704 nm from P700™ are present in both types of PSI but the main band-shifts in the region
675-690 nm in WL-PSI are absent in the FRL-PSI and are replaced by band-shifts at ~745 and
754 nm. The band-shifts in the FRL are better resolved in Figure 3B at higher gain and at 1.8
K.
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Fig. S17.
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Low-temperature (1.8 K) absorption (black), MCD (blue) and CD (red) spectra of isolated
FRL-PSI.

The spectra were obtained at 1.8 K using isolated PSII as described in the materials and
methods. The low temperature absorption spectrum shows peaks in the long-wavelength region
at 712, 745, 756, 764 and 800 nm. The 712 nm peak is essentially absent in the MCD spectrum
confirming the assignment of the peak to long-wavelength allophycocyanin. The absence of the
allophycocyanin in the MCD reveals a weak narrow peak at ~709 nm which is attributed to a
long-wavelength chla. The strong peak at 745 nm with a shoulder at 736 nm corresponds to
several chlf molecules in a range of excitonically-coupled environments and includes some
contamination from PSII in this particular preparation. The sharp peak at 756 and weak/broad
peak 764 nm are each attributed to a chlf molecule with weak excitonic coupling as indicated
by their strong CD and weaker MCD indicating. The broad peak at ~800 nm is attributed to twa
excitonically coupled chlf molecules, giving typical CD bands of opposite sign and weaker
MCD.
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Fig. S18.
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Low temperature (1.8 K) MCD and absorption spectra of isolated PSI plus curve fitting.

The MCD (red) and absorption spectra (black) were obtained at 1.8 K using isolated PSI as
described in the materials and methods. As the allophycocyanin (~712 nm) shows little or no
MCD, this spectrum was thus used for the initial fitting. To account for the small contamination
of PSII in this particular sample, a weighted fraction of the pure PSII MCD spectrum (Fig. S7)
was subtracted to obtain the final the spectrum for the fit, which was done with OriginPro 2015
software. A systematic comparison of the absorption, CD and MCD spectra provided indicated
that FRL-chlorophylls at 736, 745 (3x), 756, 763, 794 and 802 nm were present in near equal
amounts. The MCD spectrum in the figure is scaled so that it closely matches the absorption
profile in the 720 nm to 770 nm region. The weaker MCD signal at around 800 nm (relative to
the shorter wavelength peaks) is due to the greater excitonic coupling and leads to an
underestimation of the chlorophylls in the fit of the MCD at ~800 nm. When the absorption
spectrum above 770 nm itself was used for the fitting (inset), the area of each component peak
then corresponds to ~1 chlorophyll. The fitted curves are shown in dashed black lines; the
cumulative fits are shown in a dashed red line.
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The primary donor of far-red Photosystem II: Chlp; or Pp;?
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SI-1 Allophycocyanin and FRL chlorophyll content of FRL-PS II

The quantification of the five far red chlorophylls in FRL-PS II presents a challenge. Fig. 2 of

the manuscript identifies the presence of allophycocyanins which overlap the spectral region
where the FRL chlorins, chi-f and chl-d, absorb.
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Fig.S1 Absorption spectra of low allophycocyanin and high allophycocyanin FRL-PS I at 1.8

K along with their integrals (dashed curves), scaled to ~35 chl total Q, absorbance.

Fig. S1 provides the integrals of absorption in the Q, regions. Both high and low
allophycocyanin samples have total absorption in the 700 nm - 800 nm region that exceeds a
ator

value corresponding to 5 chls by ~2-3 chl. This assumes that all chls have the same oscill

strength for Q,. The molar extinction of allophycocyanins isolated from Synechocystis is
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~2x10° M' cm for both types of allophycocyanin found in this organism. Thus, there are
likely to be ~1-2 allophycocyanin per FRL-PS II in our preparations.

Allophycocyanins are known to form both monomers and trimers [1] with trimers being red
shifted. This variability precludes a quantitative assessment of the allophycocyanin
components. Different monomer and trimer allophycocyanin content is likely to be responsible
for the changing spectral profiles in absorption and CD of allophycocyanin components (see
Fig. 3 of manuscript).

SI-2 Fluorescence Excitation Spectra and Temperature Dependent Fluorescence

Fig. 1 of the manuscript highlights the difference between the emission spectra of the chl-a-
PS II and that of FRL-PS II. In the latter the dominant peak is at 752 nm, with a weaker

emission in the 720 nm region, attributable to allophycocyanin.
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Fig. S2 The absorption spectrum (dotted line) and the emission spectra (coloured lines) of
FRL-PSII are shown. Spectra were taken at 77 K of a high-allophycocyanin FRL-PSII sample.
The emission spectra were taken with excitation at different wavelengths in 5 nm steps from
680 nm to 755 nm. The corresponding excitation spectrum (composed of coloured diamonds
which are joined by a double-dashed line) is generated by plotting the amplitude of the
emission peak at 755 nm. The colour of each diamond in the excitation spectrum matches that
of the corresponding emission spectrum. The narrow peak seen at 770 nm (black line) is
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obtained by measuring 770 nm exciting light. This spectrum serves to calibrate the excitation
light bandwidth from the monochromator as ~2.4 nm FWHM.

The spectra in Fig. S2 show that allophycocyanin absorption leads to a low level of emission
from FRL-PS II. The excitation spectrum presented in Fig. S2 is similar to the MCD spectra
of FRL-PS 1II in Fig. 1 of the manuscript in that the characteristic 714 nm allophycocyanin
peak is missing. Absorption in the 680 nm to 710 nm region leads to the weaker emission peak
at ~720 nm which does not correspond to the 714 nm absorption. This emission likely arises
from a form of allophycocyanin (monomer, trimer etc.) present in the sample that is not
functionally connected to FRL-PS II (see below).

Fig. S3 shows the excitation dependence of the well-resolved fluorescence in a high-
allophycocyanin sample at 1.8 K. The weak emission from the contamination by chi-a-PS 11
in the 685nm — 693 nm region, and an allophycocyanin peak at 720 nm discussed above, are
apparent, as well as the double peak feature at 741 nm and 752 nm associated with FRL-PS II.
The relative intensities of the double peaks in FRL-PS II (Fig. S3) do not vary with excitation
wavelength. This indicates that both peaks originate from the FRL PS II component of the
FRL-PS II core complex. Additionally, the intensity of the 720 nm peak, when excited at
different wavelengths, does not scale with that of the double peaks, indicating it arises from a
allophycocyanin in the FRL-PS II preparation and a further indication that the allophycocyanin

does not transfer all its excitation energy to a PS II core assembly.
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Fig. S3 Excitation dependence of fluorescence from a high-allophycocyanin FRL-PS I
preparation at 1.8 K (left panel). Temperature dependent emission of a medium-
allophycocyanin sample excited at 532 nm (right panel). Absorption specira (black dotted
lines) are provided for comparison in both panels.

The temperature dependence of the high energy fluorescence component in the 680 nm to 700
nm region (Fig. S3) shows the temperature dependence of chi-a-PS 11 [2], which is clearly
present as a contaminant in this sample. Assuming PS II core complexes of FRL-PS II and
chi-a-PS II have comparable quantum efficiencies in emission and have equivalent absorption
strengths at the excitation wavelengths used, the contamination level is estimated to be ~7 %.
Fig. S3 identifies a modest decrease in the allophycocyanin fluorescence at 720 nm in the 1.8
K to 80 K range. It exhibits a simple broadening in spectral profile. This behavior is typical
for an isolated antenna assembly such as CP43 [3] or CP47 [4].

The PS II core complex emission component of FRL-PSII, having emission peaks at 741 nm
and 753 nm, shows a stronger and more complex temperature dependence. The two peaks have
distinctly different temperature dependence, with the 742 nm peak reducing in amplitude with
temperature more quickly than the 753 nm peak. This temperature dependent behavior is
reminiscent of that shown by chl-a-PS II where the higher energy component can be attributed
[2, 5, 6] to CP43 at the lowest temperatures. This peak becomes less prominent at higher

temperatures. The barrier to excitation transfer to the reaction center is overcome by thermal
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activation at higher temperatures and consequently emission from the lowest energy

excitations of CP43 becomes depleted.

SI-3 Determination of the five FRL chlorophyll Q, Bands

An initial estimation the peak positions and linewidths of the three distinct FRL chlorophyll
features is straightforward. There is some indication of a high-energy shoulder near 713 nm in
the MCD spectra (see Fig. 3 of the manuscript) and is also visible in the excitation spectrum
shown in Fig. S2.

Attempts to fit MCD spectra with five Gaussians, one for each FRL chlorophyll, did not
provide a uniquely defined fit. These attempts do indicate that two FRL Q, absorptions have
greater linewidths than the three obvious features. Absorption and CD spectra do not assist
greatly in locating the positions and widths of the two remaining FRL chlorophyll molecules,
owing to interference by allophycocyanins.

The amplitude of the MCD relative to the absorption (B/D) of chlorins is known to vary
significantly [2, 7-10] with the primary donor having a greatly reduced value of B/D. The
approach developed was to subtract a scaled absorption spectrum from the corresponding
MCD spectrum and vary the scaling factor until each well-resolved FRL chlorophyll feature
in the MCD spectrum was nulled. This procedure worked well and provided relative B/D ratios
for each of the three distinct FRL chlorophyll Q, absorptions.

These pre-determined relative B/D ratios were then held constant in a five band Gaussian
fitting of the MCD spectrum. This process determined the position, width and relative B/D of
the two remaining FRL chlorophylls, i.e. Chl-3 and Chl-5, as shown in Table S1. The same
positions, widths and relative B/D values were obtained in independent analyses of both high

and low allophycocyanin MCD spectra.
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The positions and widths of Chl-3 and Chl-5 were not dependent on the precise value of their
relative B/D values (these are proportional to the ‘Relative Area MCD’ column in Table S1).
The best overall fit was obtained when Chl-1, Chl-3 and Chl-5 had equal B/D values. The
primary donor (Chl-4) had a smaller B/D value. This is consistent with previous observations
of B/D for the primary donor in chi-a-PS 11 [2, 7-10] although the full chemical significance
of this notable electronic characteristic of primary donors is not understood.

Having determined the position and width of each FRL chlorophyll Q, excitation (Table S1),
the FRL chlorophyll Q, absorption spectrum was then fitted to five bands of equal area. This
process involved a single linear fitting parameter. Two Gaussians were introduced to account
for the allophycocyanins absorptions (allophycocyanin-1 and allophycocyanin-2 in Table S1).
The narrow allophycocyanin component (allophycocyanin-1) in high-allophycocyanin and
low-allophycocyanin samples are similar but allophycocyanin-2 is quite different. The fits for
allophycocycanin-1 and allophycocyanin-2 -shown in Fig 3 of the manuscript and Table S1
remain indicative only, as there is significant correlation between fitting parameters. The
presence of different forms of allophycocyanins was discussed in SI-1.

In Table S1 the relative area of the Chl-4 absorption was revised to have a value of 1.1 chl.
Exciton modelling (SI-4) establishes that the interactions between the FRL chlorophyll
primary donor and its chi-a neighbors within the reaction center leads to this (relatively low)
level of transfer of intensity.

The CD spectra were then fitted, with the amplitude of each Q, CD feature allowed to vary.
The allophycocyanin CD components were allowed unconstrained amplitudes, widths and
positions. The widths and positions of allophycocyanin CD features are not those as
determined by the corresponding fit of the absorption spectrum. For the five FRL chlorophyll
Q, excitations, each is an individual exciton QQ, component. The CD profile of a single purely

electronic Q, excitation follows that seen in absorption [11]. The absorption profiles of
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allophycocyanins are composite of a number of exciton-coupled pigment excitations. Thus
allophycocyanin CD profiles do not follow those in absorption [1, 12].
Table 81 FRL-PS II Global Analysis
High allophycocyanin sample
Band Absorption nm & Energy cm’! Area Abs. | Area MCD Area CD
(FWHM) nm (Shift") cm!
Chl-1 749 (9) 13350 (0) 1 1 1
Chl-2 738 (6) 13550 (200) 1 0.7 -1.4
Chl-3 733(9) 13640 (310) 1 1 0.3
Chl-4" 726 (6) 13760 (410) 1.1 0.6 0.6
Chl-5 722 (14) 13850 (500) 1 1 0.0
a-1 714 (8) 14010 (660) 1.9 0 -1.5
a-2 708 (25) 14120 (780) 53 0 -1.6
Low allophycocyanin sample
Band Absorption nm Energy cm™! Area Abs. Area MCD Area CD
(FWHM) nm (Shift*) em’!
Chl-1 748 (10) 13370 (0) 1 1 1
Chl-2 737(7) 13570 (200) 1 0.7 -1.6
Chl-3 731 (12) 13680 (310) 1 1 0.9
Chl-4* 726 (6) 13770 (410) 1.1 0.6 0.6
Chl-5 720 (15) 13890 (520) 1 1 -1.2
a-1 716 (8) 13970 (630) 0.6 0 -0.7
a-2 705 (14) 14180 (820) 1.2 0 -0.4

Areas are relative to the absorption, MCD or CD areas of Chi-1
* Shifts are relative to the peak of Chl-1
* Primary donor.

a-1 - allophycocyanin-1
a-2 - allophycocyanin-2

The right-hand columns in Table S1 show that the area of Q, CD features associated with Chl-

1, Chl-2 and Chl-4 reproduce well between the high and low allophycocyanin samples,

whereas discrepancies appear for Chl-3 and Chl-5. Fig S4 provides a comparison of the

experimental and fitted CD for high and low allophycocyanin samples, along with the

individual CD components determined by the fitting procedure described above.

A significant discrepancy is that Chl-5 is attributed to have minimal CD in the high

allophycocyanin sample but a strong negative CD in the low allophycocyanin sample. By
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contrast, the three sharp FRL-chl features, Chl-1, Chl-2 and Chl-4 are well determined in both
samples and their CD amplitudes are not significantly correlated. However, the fit of Chl-3,
Chl-5, a-1 and a-2 CD features are significantly correlated, particularly for the low
allophycocyanin CD data. The region of major discrepancy (720 nm) shows a sharp inflection
in both samples that is not reproduced in either absorption or MCD data. A more complete
representation of allophycocyanin CD thus requires extra components in the fitting procedure.
Additionally, rather than a simple reduction of allophycocyanin content between the two
samples, it seems that extra (allophycocyanin) assemblies are introduced via the procedure
used to reduce the total allophycocyanin content. These assemblies appear to have significant
negative CD in the 720 nm to 730 nm region, making it impossible to disassociate it from CD
associated with Chl-5. Without further experimental information, we cannot determine the CD

of Chl-5. It seems likely that the CD of Chl-3 is significant and positive.
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Fig. S4. The 1.8 K experimental CD and corresponding fitted CD spectra of low and high
allophycocyanin FRL-PS Il samples are shown as dotted and solid red lines respectively.
These spectra are also presented in Fig. 3 of the manuscript in less detail and are displayed
in conjunction with corresponding absorption and MCD data and analysis. The fitted CD
components (see text) are displaved as coloured overlapping Gaussians using the same
colour scheme as used in Fig. 3.

S1-4 Electrochromic Shifts
A comparison of Q," formation-induced electrochromic shift patterns for a range of organisms

compared to those seen in FRL-PS II, is provided in Fig S5.
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Fig. S5 Absorption (left Scale) and illumination-induced difference spectra (right scale) for
PS Il core complexes derived from Spinach, T. vulcanus [13], C. merolae {14] and FRL C.
thermalis [15] at 77 K. The shaded yellow regions are assigned to ChlZp; bleaching (see text).
Green light illumination fluences were standardized at 300 s of 5 mW/icm?®. Spectra have been
scaled to comparable Q, absorption intensities and offset for viewing. Q4 yields in the first
three systems are similar (60-80%), whereas the corresponding yield in FRL-PS Il is ~10 to
20 times less.

Low temperature electrochromic shifts associated with Q4™ formation have been extensively
studied [16-21]. In Fig. S5, similar Q, ‘C550° electrochromic blue-shifts [16] of Pheop, are
evident in all organisms. The nearby bleach feature associated with oxidation of reduced cytbssq
is evident in 7. vulcanus and C. merolae preparations. The FRL-PS II preparation of C.
thermalis used for Fig. S5 did not contain a significant fraction of reduced cytbssq and thus no
bleach is seen, although this spectral feature was evident at 556.5 nm in other sample
preparations (see Fig. S6 and [15]). Fig. S5 also shows the bleach near 666 nm, highlighted as
a shaded yellow region, associated with the oxidation of a chl-a (often considered to be ChlZ,,)
for the first three organisms. This oxidation process appears less pronounced in FRL-PS IT and
other secondary donors such as (j-carotenes may be involved [22-24].

The dominant electrochromic features in the Q, region for chl-a-PS II have been identified as

a red shift of Pheop, near 680 nm and blue shift of Chly, Q, near 685 nm. The precise position
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and shape of shift features vary with organism. This variation is due to both small changes in
pigment site energies with organism, along with changes in the effects of excitonic interactions
between pigments associated with relatively small changes in their site energies. This is
because the relative energy of sites can be changed quite significantly with respect to the
exciton coupling matrix element between pigments. Shift features are doubled in some
preparations of T. vulcanus and T. elongatus i.e. when there are two forms of the D1 protein
expressed in the sample [25].

In the FRL-PS II Q, region, the largest shifted feature is well separated with an intense blue
shift feature occurring at 726 nm [15]. Compared to the data in Fig. S5, which are taken at 77

K, those taken at 1.8 K (Fig. 2 and Fig. 4 of manuscript) show better-resolved shift features.

—
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Fig. S6. The bottom black trace is the absorption spectrum (left. scale) of the low-
allophycocyanin FRL PS II core complex at 1.8 K. The red trace is the electrochromism
spectrum (right scale) induced by illumination at 725 nm with the fluence indicated. The green
trace is the accumulated electrochromism after an additional illumination at 640 nm. The thin
black trace is the change in electrochromism induced by the 640 nm illumination component.

FRL-PS II core samples contain some chl-a-PS 11, as evidenced by its characteristic emission

spectrum appearing in Fig. 1 of the main manuscript. FRL-PS II samples illuminated with light
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at wavelengths significantly shorter than 700 nm, such as the green light used to generate
difference spectra in Fig. S5, can be expected to display electrochromism associated with the
chi-a-PS II component, as well as that of the (majority) FRL PS II component. [llumination of
chl-a-PS 1I at 725 nm and 1.8 K is known to induce Q." formation (and as evidenced by
electrochromism) but with low quantum efficiency [20, 26]. The chi-a-PSII electrochromism
induced by illumination in the 700 nm to 730 nm range is due to absorption by the weak and
broad, deep-red charge transfer state of chl-a-PS Il [14, 20, 26].

Fig. S6 demonstrates that illumination of a low allophycocyanin FRL-PS II core complex
sample with 640 nm light, following initial illumination at 725 nm, induces minimal additional
electrochromism at 726 nm. The light-induced Q4" formation of the FRL PS Il component was
essentially completed by the first illumination. However, additional 640 nm illumination leads
to an electrochromism spectrum with a negative feature near 686 nm and a positive component
near 682 nm. The spectrum exhibits low signal to noise as it was generated as a double-
difference spectrum and also recorded in a region of high and rapidly varying absorbance.
However, the pattern is compatible with it being due to the Chlp, blue-shift of chi-a-PS 1I of
C. thermalis [15]. For comparison, the Q.~ induced electrochromic shift of 7. vulcanus (Fig.
S5), a chl-a PS 11 thermophilic cyanobacterium has negative and positive peaks at 688 nm and
684 nm respectively.

The red trace in Fig. S6 shows no evidence of the negative feature seen near 685 nm in the
black trace. We can conclude that no significant component of the chl-a-PS II contaminant of
the FRL-PS II sample is photoconverted by 725 nm light. The electrochromism pattern in the
red trace is then due only to the FRL PS II majority component in the sample.

The linewidth of the 726 nm feature (7 nm or ~130 cmm! FWHM) allows an initial estimate of
the electrochromic shift to be determined, independent of knowledge of the Q. yield. By

measuring the offset, 8, of the derivative of the (initial) absorption spectrum compared to the
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electrochromic shift feature, the electrochromic shift would then be 28,i.e. 2.2 nm or
equivalently 42 cm’'. This assumes that the relatively small fraction of FRL PS II that
undergoes photoconversion has the same spectral distribution as the majority. Those FRL-PS
IT centers that are not photo-converted to the trapped Q4™ form do not contribute to the shift
feature. The shift feature has a crossing point independent of yield as seen in Fig. S7, and is
displaced 1.1 nm from the peak of the absorption, taken before illumination.

A Q," yield can then be estimated by simulating a 100% yield shift feature at 726 nm. This
artificial, full-yield spectrum is generated by shifting the absorption spectrum taken before
illumination to the blue by 2.2 nm. Subtracting the shifted spectrum from the initial spectrum
yields a spectrum corresponding to the entire 726 nm feature being affected. Scaling this shift
feature against the experimental 726 nm shift amplitude then provides a Q," yield. Fig. S87
shows fluence-dependent shift spectra with the apparent yield saturating at 10% when using 6

uW/cm? excitation at 725 nm.
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Fig. S7. The left panel shows the fluence dependence of the electrochromic shift of high-
allophycocyanin FRL-PS Il at 1.8 K illuminated with 6 uW/cm? power density light at 725
nm. The red trace in the 726 nm region is the synthetic shift feature created by displacing the
initial absorption spectrum by 2.2 nm (42 cm') to the blue and subtracting this from the
original spectrum. The right panel is the nominal yield of photoconversion to the Q4" form of
the enzyme versus illumination time, assuming a 2.2 nm electrochromic shift (see revision in
text).
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At the lowest yields, a simple 726 nm shift feature dominates. It is narrower than the synthetic
shift feature. At higher fluences, shoulders develop which may be associated with
photoconversion of a population of FRL-PS 1I that exhibits the full primary donor spectral
distribution. The initial slope of the conversion curve in Fig S7 can be analyzed by gauging
the number of absorbed photons for a given excitation fluence. This leads to a direct estimate
of the initial quantum efficiency of the Q.- conversion as being close to unity. Such high initial
quantum efficiencies were also seen in previous studies on spinach PS II core complexes [20]
by monitoring the amplitude of the Q, shift of Pheop,.

However, at 77 K, shift features at both high and low fluence are displaced from the peak
maximum by 0.5 nm, whilst a corresponding synthetic shift feature generated by a 0.5 nm
displacement of the 77 K 726 nm absorption accurately reproduces the shift feature shape.
This revised estimate of the shift of 0.5 nm leads to a corresponding 2 x increase in our estimate
of the Q4 yield (i.e. to 20%), compared to that proposed in Fig. S7.

As mentioned above, the low fluence shift feature at 1.8 K arises from a narrower component
of the overall primary donor inhomogeneous absorption profile. This narrower component is
displaced by 1.1 nm from the peak maximum. This displacement, combined with an actual
electrochromic shift of 1 nm, leads to the observed 1.8 K value of 28 of 2.2 nm. The narrower
component has a linewidth close to 4 nm, rather than the overall linewidth of 7-8 nm as given
in Table S1. This narrower component of Chl-4 is more in line with the width observed for the
Chlp, site energy linewidth in the ¢hl-a-PS 1I core complex (from spinach), which is 1.6 nm
(Table S2).

SI-5 Exciton Modelling

Here, we used the same methodology previously used to model the PS II reaction center as
present in core complexes of a number of organisms [27] and also for isolated PS II (RC-6 and

RC-5) [10, 28] reaction centers. We calculated absorption and CD spectra of a range of
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possible configurations of FRL-PS II. Apart from the single FRL chl site, the reaction center
parameters used were those for chl-a-PS II core complexes isolated from spinach as shown in

Table S2. The coupling matrix used is provided in Table S3.

Table 52
Spinach Core Complex PS Il reaction center site parameters
Site Energy nm/cm’! FWHM Linewidth nm/cm’!
Chlp, 684/14620 1.6/40
Pheopz 678/14750 4.0/100
Pheop 676.5/14780 5.6/140
Pp, 668.5/14960 6.3/140
Pp2 668.5/14960 6.3/140
Chlpa 669/14950 6.1/140
ChlZp, 672/14880 6.1/140
ChlZp2 665/15040 6.1/140
Table S3
PS II reaction center exciton coupling matrix elements [29]
Coupling (cm*) Chlu[ PhCO[_)z PhCOD[ PD[ Puz Cthj ChlZm ChlZDz
Chlp 0 -2.18 | 4351 | -2732 | -46.77 | 354 1.67 -0.09
Pheops -2.18 0 1.55 1261 | -2.99 | 41.65 -0.19 -2.57
Pheoy, 4351 1.55 0 -396 | 1506 | -2.37 -2.52 -0.18
Py, -27.32 | 1261 -3.96 0 158 -41.83 045 0.58
Pps -46.77 | -2.99 15.06 158 0 -22.04 0.6 0.61
Chlp, 354 | 4165 | 237 | -41.83 | -22.04 0 -0.05 1.8
ChlZy, 1.67 -0.19 | -2.52 045 0.6 -0.05 0 0.15
ChlZp, -0.09 | -2.57 | -0.18 0.58 0.61 1.8 0.15 0

Transition dipole strengths were taken from reference [30] as 5.47 D for chl-a and 4.25 D for

pheo-a and structural data determined from crystal structure data [31].
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Electrochromic shifts, A, induced by reducing Qa and Pheop: forming their anion radical

states, can be modelled by considering the interaction of Ap of each reaction center pigment

with the electric field associated with a point charge at the position of the reduced species.

—

Ap-e

|72

A starting point [30, 32, 33] is to assign Api to be 1.8 D for all chl-a Qy excitations and 1.35
D for pheo-a Qy excitations, with e being the electronic charge. This shift, A, is then reduced
to A/f because of the influence of the local dielectric in the protein. When fis taken as 3, the

site energy shifts are as given below.

Table 54
PS Il Reaction Center Site Energy Shifis for f = 3

Shift/cm™ Qa~ Pheon1~

Chlp 144 77.2
Pheop? 9.6 -0.1
Pheopi -53.8

Ppi 5.8 0.4

P2 18.0 451
Chlp2 -5.4 -18.8
ChlZp 10.0 11.2
ChlZp: 3.9 2.8
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Fig. S8 Left and right panels show calculated electrochromic shift patterns induced by an
electron located at the Q4 and Pheop, positions, respectively. Shift patterns were calculated
using the parameters in Tables S2 and S3. Calculations are presented for all locations of a
single FRL chilorophyll in the reaction center. The two cases which induce an electrochromic
shift near 726 nm compatible with experimental data (Chlp; and Pp;) are accentuated (thicker
solid lines).

The calculated electrochromic patterns shown in Fig. S8 indicate that Pheop: reduction
experiments could assist in discriminating between the Chlp, and Pp> locations for the
primary donor. A relatively large primary donor shift for the Chlp: assignment is calculated
for the Pheop: reduction compared to that for the Q4™ reduction. More useful may be that the
associated electrochromic pattern seen in the chl-a Qy spectral region is different for the
Chlp; and Pp> primary donor assignments. The room temperature Pheop reduction spectra
previously published in Fig 2D of [15] display a broad negative feature at 658 nm as well a
stronger broad positive feature near 650 nm. Neither of these features correspond to the
calculated electrochromism (see Fig. S8). In experiments [27, 35] on canonical chl-a-PS 11

preparations, there is no evidence of broad features similar to those seen in Fig. 2D of ref
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[15]. It thus seems important to generate the trapped Pheo™ state at low temperature in future

experiments.
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Fig. SO The left panel shows the absorption (lower traces) and electrochromic shift paiterns
(each offset for clarity) induced by 725 nm illumination at 1.8 K of three different FRL PS 11
core complex samples having various allophycocyanin content. The right panel shows the sum
of the three absorption spectra (thick black trace) and the sum of the corresponding three
electrochromism spectra (thin black trace). Also shown are the calculated electrochromic
patterns (from Fig. §8) when the primary donor is located at Chlp, (green trace) and Pp; (blue
trace). For both cases the calculated patterns have been scaled to match the experimental
electrochromism amplitude.

The signal-to-noise ratio and other limitations in the in the 725 nm-induced electrochromism
spectra presented in Figs, 2 and 4 of the manuscript and in Fig. S9 makes it difficult to
determine which calculated Q, reduction pattern calculated (Fig. S8) better fits the
experimental data in the chl-a region. Fig. S9 addresses this difficulty by adding results from
identical experiments performed on three different FRL-PS II samples exhibiting differing
allophycocyanin concentrations. Illuminations were performed with an identical fluence of 6
uW/cm? at a wavelength of 725 nm for 300s. This illumination protocol is shown to correspond
to conditions where no significant chl-a based photochemistry is induced (see Fig. S6), i.e.
that associated with chi-a-PS II present in the samples. A comparison of the averaged shift

pattern with those calculated for the 680 nm region appears to be more compatible with Pp;
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being the primary donor. The main feature at ~ 680 nm appears experimentally as a blue shift,
as calculated for the Py, case, rather than a red shift as calculated for the Chlp, case.
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