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ABSTRACT: Diatoms contribute about 20-25% to the global marine productivity and are
successful autotrophic players in all aquatic ecosystems, which raises the question whether this
performance is caused by differences in their photosynthetic apparatus. Photo-CIDNP MAS

NMR presents a unique tool to obtain insights into the reaction centers of photosystems (PS), by



selective enhancement of NMR signals from both, the electron donor and the primary electron
acceptor molecules. Here, we present the first observation of the solid-state photo-CIDNP effect
in the pennate diatoms. In comparison to plant PSs, similar spectral patterns have been observed
for PSTat 94 T and PSII at 4.7 T in the PSs of Phaeodactylum tricornutum. Studies at different
magnetic fields reveal a surprising sign change of the “C photo-CIDNP MAS NMR signals
indicating an alternative arrangement of cofactors which allows to quench the Chl a donor triplet
state in contrast to the situation in plant PS II. This unusual quenching mechanism is related to a
carotenoid molecule in close vicinity to the Chl a donor. In addition to the photo-CIDNP MAS
NMR signals arising from the donor and the primary electron acceptor cofactors, a complete set

of signals of the imidazole ring ligating to the magnesium of Chl a can be observed.

1 Introduction

Photo-CIDNP (photochemically induced dynamic nuclear polarization) MAS NMR presents a
versatile tool to investigate electronic and chemical structures of the most substantial cofactors
involved in photosynthesis as well as the underlying spin dynamics (Jeschke and Matysik 2003;
Daviso et al. 2008; Matysik et al. 2009; Thamarath et al. 2012; Bode et al. 2013; Najdanova et al.
2015). This technique allows for the selective enhancement of NMR signals from the donor and
the primary electron acceptor molecules in photosynthetic reaction centers (RCs). The light-
induced NMR intensities correlate to the local electron spin densities of the electron donor and
the primary electron acceptor (Jeschke and Matysik 2003; Daviso et al. 2008; Diller et al. 2007b;
Daviso et al. 2009).) Furthermore, it has been shown that the presence of carotenoids in the

vicinity of the donor Chl a allows for quenching molecular triplet states, an effect which can



change the sign of the observed NMR signals of the donor nearby (Daviso et al. 2008; Prakash et
al. 2005a; Prakash et al. 2006; Thamarath et al. 2012).

For the photo-CIDNP effect in the solid state, up to three mechanisms have been discovered to
contribute to the spin-hyperpolarisation (Scheme 1): the three spin mixing (TSM), the
differential decay (DD) and the differential-relaxation (DR) mechanisms (Jeschke 1998;
McDermott et al. 1998; Polenova and McDermott 1999; Prakash et al. 2006; Sosnovsky et al.
2016). Under typical conditions in bacterial RCs of Rhodobacter (R.) sphaeroides, the TSM
mechanism leads to emissive NMR signals reaching their maximum if a matching of the nuclear
Zeeman frequency with the coupling of two electron spins as a spin-correlated radical pair
(SCRP) and the anisotropic hyperfine coupling with a nucleus occurs (Jeschke 1998). For the
DD mechanism, anisotropic hyperfine coupling is also required to build up nuclear spin
polarisation from electron spin polarisation. Due to different life-times of the singlet and the
triplet states of the SCRP, nuclear spin polarisation is formed, yielding in absorptive signals
(Polenova and McDermott 1999). The DR mechanism occurs if the donor triplet life-time is
sufficiently long, for example by absence of a near-by carotenoid, to quench nuclear polarization
in the donor on the triplet pathway. As a result nuclear polarisation from the singlet pathway
only remains. This mechanism occurs in both liquid and solid state. Hence, the observed signals
occur selectively from the donor and have a positive sign (McDermott et al. 1998). It was shown
that in quinone-blocked bacterial RC of R. sphaeroides wildtype, where the donor triplet life-
time is 100 ns, the DR does not occur. In the carotenoidless mutant R26 of R. sphaeroides, the
triplet is not quenched by carotenoids, hence the life-time of the donor triplet state is 100 us

(Shuvalov and Parson 1981) and strong polarization from DR is observed (Prakash et al. 2000).



The solid-state photo-CIDNP effect has already been observed in ten species (Fig. 1, for
detailed taxonomic overview, see Ref. (Armbrust 2009)). Nine of them belong to either the plant
or the bacterial kingdom. Recently, the effect has been demonstrated on the tenth organism that
the effect can be observed in all three phototrophic kingdoms including the kingdom of
chromista (Zill 2017a). The omnipresence of the effect lead to speculations about possible
functional relevance (Matysik et al. 2009, Cespedes Camacho & Matysik 2014). Chromista
comprise the heterokonts (or stramenopila) which include the phylum Bacillariophyta (diatoms).
Diatoms are unicellular eukaryotic algae that live either as single cells or in colonies (Sumper
and Brunner 2008). It is estimated that diatoms contribute about 20-25% to the global net
primary biomass production (Werner 1977) which might be due to special physiological features
of the diatoms like, e.g., the presence of a urea cycle (Bowler and Allen 2008; Armbrust et al.
2004; Wilhelm et al. 2006) that is even connected to their citric acid cycle. This anaplerotic
function is one of the reasons why diatoms can recover shortly after a low nutrient period (Allen
et al. 2011). Diatoms are also known to outcompete other organisms in turbulent waters with
rapid changes of the light climate, i.e. light intensity and quality. These conditions require a high
flexibility of the photosynthetic apparatus and a large photoprotective potential. The main
photoprotective mechanism of diatoms is the so-called non-photochemical quenching (NPQ),
which leads to the dissipation of excessive excitation energy as heat in the light-harvesting
antenna of photosystem II (for reviews see Lavaud and Goss 2014 and Goss and Lepetit 2015).
In addition to their high capacity for NPQ, diatoms are characterized by the presence of different
alternative electron pathways which further reduce the risk of an over-excitation of the

photosynthetic apparatus. These pathways include the Mehler reaction and cyclic electron



transport around PSI (Grouneva et al. 2009). Interestingly, diatoms contain an additional cyclic
electron transport around PSII (Lavaud et al. 2002, Wagner et al. 2016).

Like the higher plants (embryophyta), diatoms comprise the two photosystems (PS): PS I and
PS II. Photosystems are pigment-protein complexes that convert light energy into chemical
energy incepted by a light-induced electron transfer. Chlorophyll dimers, i.e. pairs of chlorophyll
molecules termed P, in PSII and P., in PSI, act as primary electron donor molecules (for a
review, see Allen and Williams 1998). As a type-I RC, PS I utilizes iron-sulphur clusters as
terminal electron acceptor, whereas type-II RCs like PSII use quinone molecules for this
purpose. PS I has a strong reductive force, in contrast to PS II which has an oxidative force high
enough to split water. The main protein subunits of PSI and PSII are highly conserved for
eukaryotic phototrophic species, among others the diatoms, as well as for cyanobacteria (Barber
2006; Green and Durnford 1996; Lepetit 2010). PS I contains 19 protein subunits including PsaA
(82 kDa) and PsaB (83 kDa) (Amunts and Nelson 2008) which bind the reaction center pigments
including chlorophyll a (Chl a) as electron donor and four additional Chl a molecules in the
electron transfer chain as well as three iron-sulphur clusters (Amunts et al. 2007; Ben-Shem et al.
2003; Jensen et al. 2007; Jordan et al. 2006). Beside several small protein subunits the PS II core
complex comprises four main units: PsbA, PsbB, PsbC, PsbD (Dekker and Boekema 2005).
PsbA and PsbD, also called D1 and D2, form the RC that binds six Chl a, two pheophytin a
(Phe a) and two B-carotene molecules (Barber 2006; Ferreira et al. 2004; Loll et al. 2005). One
of these Chl a molecules forms the electron donor and in contrast to PS I the primary electron
acceptor is Phe a. PsbB and PsbC, also called CP47 and CP 43 work as inner antenna of the

PS II. Together CP47 and CP43 bind about 30-40 Chl a and 8-10 B—carotene molecules, the

number of Chl a and B—carotene molecules seems to be slightly higher for CP47(Barber 2006;



Ferreira et al. 2004; Guskov et al. 2009; Loll et al. 2005). The core proteins of PSI, PsaA and
PsaB, are integrated into the thylakoid membrane with eleven trans-membrane helices each, in
PSII the reaction center proteins D1 and D2 comprise five helices, whereas the inner antenna
proteins CP43 and CP47 contain six trans-membrane helices (Schubert et al. 1998). PS I and
PS II are heterogeneously distributed in green plants which means that PS I is mainly found in
the stroma thylakoids and the majority of PS II is more located in the grana thylakoids (Dekker
and Boekema 2005). In contrast to higher plants, diatom thylakoids are arranged in stacks of
three (Gibbs 1962; Gibbs 1970; Pyszniak and Gibbs 1992). Recent results have shown that,
despite the more regular thylakoid arrangement, the PSI and PSII reaction centers are organized
in separated membrane domains with some interconnections to optimize photosynthesis (Flori et
al. 2017).

Comprised of silicified cell walls diatoms have become interesting for microscopy for their
impressive variety of shapes. Together with radiolaria and silicoflagellates, diatoms require high
amounts of silica, approximately as much as nitrogen (Tréguer et al. 1995, Smetacek 1999).
Hence, diatoms are model organisms for biomineralization (Wisser et al. 2015). Diatoms live
nearly equally distributed in marine and limnic habitats. Since some oceanic areas, like the
southern ocean and the equatorial and the subarctic pacific, are iron limited, many phototrophic
organisms can hardly survive even though the regions are often rich in other nutrients. Some
diatoms can adapt to low iron concentration in these high macronutrient low chlorophyll
(HNLC) areas, nevertheless, a decrease of the number and the size of the chloroplasts might be a
result (Lommer et al. 2012). Iron has a key function for photosynthesis since it is required in
PS 1, e.g. in the iron-sulphur-clusters working as terminal electron acceptors (Lommer et al.

2012). For instance Cyclotella (C.) meneghiniana lives rather coastal whereas Phaeodactylum



(P.) tricornutum (Figure 2) is more likely to grow in oceanic regions (Sayers et al. 2009; Benson
et al. 2009). P. tricornutum can even acclimate to iron-depletion and iron-repletion (Allen et al.
2011; Kustka et al. 2007) . For diatoms living in regions far from the coast the PS II/PS I ratio
has been reported to be five times higher than for coastal diatoms which was explained by the
depletion of iron (Strzepek and Harrison 2004). Interestingly, a very recent study has shown that
the optical properties of the frustule valves in water affect light-harvesting and photosynthesis in
living diatom cells (Goessling et al. 2018). By photon trapping and forward scattering of blue
light they facilitate light redistribution and photosynthesis in cell areas distant from the directly
illuminated area. It is assumed that the photonic structures of the diatom cell walls support the
ecological success of the diatoms.

Based on their size and the number of plastids diatoms were initially divided into one pennate
class (latter referred to as Bacillariophyceae), whose members are up to a few pm large and have
only one chloroplast and one centric class comprising species which can reach a few millimeters
in diameter and which can have a few plastids (Smetacek 2000). Today the centric forms are
divided into two classes: Coscinodiscophyceae and Mediophyceae. The diatom for which the
solid-state photo-CIDNP effect has been shown before, Cyclotella meneghiniana, belongs to the
latter class (Zill et al. 2017b). It is assumed that there are up to 200,000 species in the diatom
phylum, making them the most speciose algae (Mann and Droop 1996). Whole genome
sequences have been published for two diatom species: Thalassiosira pseudonana from the
Mediophyceae class and P. tricornutum from the Bacillariophycea class. It was shown, that these
two organisms have only around 55% similarity on the genomic level (Bowler and Allen 2008).
This surprisingly small similarity leads to the question to what extent the photosynthetic

machineries are comparable in both diatom classes. Recently, the genome sequence of the cold-



adapted diatom Fragilariopsis cylindrus has been published and compared to the genomes of the
temperate diatoms mentioned above (Mock et al. 2017).

In the present study, we aim to investigate whether the solid-state photo-CIDNP effect can also
be observed in the Mediophyceae class of diatoms, using the species P. tricornutum. Since the
effect is assumed to be an inherent property of all photosynthetic RCs, it has been suggested that
the related spin-dynamics is of functional relevance for photosynthesis (Matysik et al. 2009;
Céspedes-Camacho and Matysik 2014). The growing number of species on which the effect can
be observed supports this idea. The study also will reveal information about the intactness of the
extracted PSs. Despite the complete absence of x-ray structures of diatom photosynthetic RCs, it
is expected, but not proven, that the cofactors as well as their arrangement in the RC are similar
for PSs in both the chromista and the plantae kingdoms (Barber 2006; Green and Durnford
1996). Photo-CIDNP MAS NMR can provide information about the chemical identity of the
electron donor and the primary electron acceptor as well as about the presence of carotenoid
molecules nearby. Since the solid-state photo-CIDNP effect has been demonstrated for PS I of an
example from the Bacillariophyta, we focus on PS II in this work and reveal potential similarities

and differences between diatoms and green plants.

2 Materials and Methods
2.1 Sample Preparation
Preparation of uniformly “N-labeled thylakoid membranes and a combined PSI and PSII

fraction from P. tricornutum



The diatom P. tricornutum was grown in artificial seawater preparation (ASP-2) (using *N-
labelled KNO.) as air-lift batch culture at 20 °C with an ambient light intensity of 50-60 pmol

photons m* s* and a light-dark regime of 14/10 h.

The sample was prepared following a similar protocol as applied for a photo-CIDNP active
PS I preparation from the diatom C. meneghiniana (Zill et al. 2017b) A detailed version of the
protocol is described by Lepetit et al. 2007 Cells were harvested by centrifugation for 5 min at
1,000 g and resuspended in buffer A (10 mM 2-(N-Morpholino)ethanesulfonic acid (MES)
pH 6.5, 2 mM KCl, 5 mM ethylene-diaminetetraacetic acid (EDTA), and 1 M sorbitol). Cell lysis
was performed with a pre-chilled French Pressure cell (Thermo Spectronic, UK) at 12,000 psi.
The French Press extract was centrifuged for 10 min at 1,000 g to remove cellular debris and
intact cells. The supernatant was transferred in a fresh tube and thylakoids were harvested by
centrifugation for 15 min at 10,000 g, resuspended in a small volume of buffer B (10 mM MES
at pH 6.5,2 mM KCI, 5 mM EDTA) and stored on ice in darkness until solubilisation. Thylakoid
membranes were solubilized with n-dodecyl B-D-maltosid (B-DM)at a Chl concentration of
1 mg/mL and a detergent/Chl ratio of 20. Following solubilisation at 4 °C and dark conditions
non-solubilized material was removed by centrifugation at 20,000 g for 10 min and the
supernatant was immediately transferred on a linear sucrose density gradient (0.2-1 M sucrose in
buffer B, supplemented with 0.06% B-DM) for further separation. Ultracentrifugation (Optima
C-90 K with SW-28 rotor, Beckman-Coulter, USA) of the density gradients was performed at
120,000 g for 17 h at 4 °C and resulted in different bands, among them a prominent green band
representing the photosystems (Fig.3, A). Sample proteins were characterised by denaturing
protein gel electrophoresis (Laemmli 1970) followed by coomassie staining (Dyballa and

Metzger 2009) (Fig. 3, B (Nagao et al. 2013)).



Prior to the NMR experiment the sample was concentrated using Centricon plus 20 centrifugal
filter devices (Millipore Corporation, Bedford, USA, Amicon®, 30 kDa molecular weight cutoff)
for a centrifugation step at 3,500 g and 4 °C. The terminal electron acceptors were finally
reduced by adding 1 M sodium dithionite solution to a final concentration of 100 mM in an

oxygen free atmosphere, before adding the sample into a transparent 4-mm sapphire rotor.

Preparation of PS II core complexes from P. tricornutum

P. tricornutum was grown in artificial seawater preparation (ASP-2) at 18 °C with a light
intensity of about 100 xE*m**s' and a light-dark regime of 14/10 h. Cell material used for
sample preparation described in this section was harvested and stored in buffer A at -80 °C prior
preparation. The P. tricornutum cell suspension was quickly thawed on ice, diluted with buffer A
and transferred in a pre-chilled French-pressure cell. Preparation of PS II was performed similar
to the protocol in the previous section with only minor modifications: for higher purity
thylakoids were harvested at 10,000 g, unsolubilized material was spun down at 40,000 g after
solubilisation and a sucrose gradient ranging from 0.1-0.6 M (0.03% [-DM) was used.

The sucrose density gradient band containing PS II was concentrated before the MAS NMR
experiment using Centricon plus 20 centrifugal filter devices (Millipore Corporation, Bedford,
USA, Amicon®, 30 kDa molecular weight cutoff) for centrifugation at 3,500 g and 4 °C. In
order to reduce the quinones Qa and Qg acting as electron acceptor 1 M sodium dithionite
solution was added to a final concentration of 100 mM in an oxygen free atmosphere.

2.2 MAS NMR measurements
MAS NMR spectroscopy was performed using a DMX-200-MHz and an Avance III 400-MHz

wide-bore NMR spectrometer which were equipped with a 4-mm MAS probe (Bruker,
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Karlsruhe, Germany) for MAS NMR experiments at different magnetic fields. Samples were
packed into 4-mm sapphire rotors and inserted into the MAS probe. For homogeneous sample
distribution against the rotor wall, the temperature was decreased slowly at a low spinning speed
of about 1,000 Hz Fischer et al. 1992. Both, light and dark spectra, were collected using a Hahn-
echo pulse sequence with two-pulse phase modulation (TPPM) proton decoupling (Bennett et al.
1995). “C and *"N-MAS NMR spectra were collected at a temperature of 250 K with a deviation
of approximately 2 K and under continuous illumination with white light using a 1,000-W
xenon-arc lamp (Matysik et al. 2000). Calibration of the sample temperature was performed
beforehand by measuring the melting points of different substances (distilled water, 4-decanone
and 3-octanone). The correlation of the obtained corrected temperatures with ’Pb chemical shift
of a solid powder of lead nitrate measured at the according temperatures (Bielecki and Burum
1995; Haynes 2015; Zill 2017a) showed that the temperature difference of a sample measured at
light conditions is about 1 K higher than under dark conditions. The spinning frequency was
8 kHz and the cycle delay was 4 s.

Photo-CIDNP MAS NMR experiments on PS II of P. tricornutum: For both spectra
measured at 4.7 T, line-broadening of 20 Hz and for the spectra at 9.4 T, line broadening of
30 Hz was applied prior Fourier transformation. The same phase-correction parameters (PHCO =
-65.0° and PHC1 = -68.0° for the spectra at 4.7 T and PHCO = 180.0° and PHC1 = -180.0° for
the spectra at 9.4 T), required to properly phase the histidine spectrum (Fig. 4), were used for
both the dark and photo-CIDNP MAS NMR spectra.

Photo-CIDNP MAS NMR experiments on the combined PSI and PSII fraction of P.
tricornutum: "N-MAS NMR spectra of membranes are presented with a line broadening of

40 Hz and for the "C MAS NMR spectra a line broadening of 10 Hz was applied prior Fourier

11



transformation. “N-chemical shifts are given relative to liquid *NH. using the amino NH.
response of histidineeHCI at 49.09 ppm. The same phase-correction parameters (PHCO = -180.0°
and PHCI1 = 0.0° for the "C MAS NMR spectra and PHCO = 125.4° and PHC1 = 42.7° for the
“N-MAS NMR spectra), required to properly phase the histidine spectrum, were used for both
the dark and light photo-CIDNP MAS NMR spectra.

All *C MAS NMR spectra were referenced using the “COOH resonance of solid cationic

histidineeHCI at 173.2 ppm (Li and Hong 2011).

3 Results and Discussion

3.1 N photo-CIDNP MAS NMR spectra of the combined PSI and PSII fraction of
P. tricornutum

Figure 5 shows the *N-MAS NMR spectra of fractions including PST and PSII of
P. tricornutum at a magnetic field of 94 T in the dark (A) and under continuous illumination
with white light (B). The spectra were collected with about 45,000 scans and a cycle delay of 4 s.
The characteristic "N NMR signals of a protein can be observed between 150 and O ppm in the
dark spectrum (A). Some features below 100 ppm can be attributed to the “N in arginine and
lysine residues in the protein matrix (Prakash et al. 2005b). In the light spectrum (B),
additionally to the signals observed in the dark, twelve emissive (negative) and four absorptive
light-induced signals can be observed. This is the first time, that the *N-solid-state photo-CIDNP
effect has been shown in the taxonomic kingdom of chromista, and it is also the first time that
the solid-state photo-CIDNP effect has been observed in the pennate class of diatoms

(Bacillariophyceae (Fig. 1). The fact that the effect can be observed in both main classes of the
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diatom phylum together with species from all other phototrophic kingdoms implies that it is
indeed an inherent property of all photosynthetic systems.

3.1.1 Signal assignments of the “N photo-CIDNP MAS NMR spectra of the combined PS
fraction of P. tricornutum

As shown below, the well-known signals of the cofactors acting as electron donor and primary
electron acceptor and forming the SCRP, i.e., Chl a or Phe a, can be straightforwardly assigned
to the light-induced signals reported here. An overview on the resonances enhanced by the solid-
state photo-CIDNP effect together with chemical shift data from literature is given in Tab. 1. For
a more detailed view on the light-induced signals, see Fig. 6. Since the sample consists of both
photosystems, PS I and PS 1II, the light-induced signals can be retraced to four different types of
cofactors: Chl a, which acts in PS I as both donor and primary electron acceptor, furthermore as
electron donor in PS II, as well as Phe a acting as primary electron acceptor in PS II.

Signals attributed to PS I: The strongest signals appear between 140 and 260 ppm. The
signal at 255.5 ppm can be assigned to the N-IV of the donor Chl a of PS I, whereas the smaller
signal at 251.9 ppm might be induced from the epimer of Chl a in the special pair (for numbering
see Fig. 7). This can only be explained by a dimeric feature of the donor. Although the P700 in
PS T appears to be a structural dimer of a Chla and its epimer Chla', previous data have
provided indication that the donor acts as a monomer with at least 85% of the electron spin
density located on a single Chla (Zill 2017a). This conclusion was also derived from EPR
studies (KB and Lubitz 1996; Mac et al. 1996; Deligiannakis and Rutherford 2001). A strong
emissive resonance occurs at 212.0 ppm and can be conveniently assigned to the N-II in the PS I
donor Chl a. Since this signal at 198.8 ppm has not been observed in other *N-photo-CIDNP

MAS NMR spectra of a plant PS I, it cannot be finally concluded whether it has been induced by
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the N-II or the N-III of the donor Chl a. An assignment of the resonance to the N-II would also
support the idea of a donor having some electron spin density on a second cofactor. It appears
that the donor nitrogens resonate at a slightly higher chemical shift than in the Chl @ measured in
solution. As shown in the literature (Thamarath et al. 2012), the donor of the bacterial RC of R.
sphaeroides resonates at lower ppm values and must therefore be partially negatively charged.
Since the gyromagnetic ratio y of *N is negative, the opposite is the case here. Hence, the signal
at 198.8 ppm might more likely be induced from the N-III of the donor Chl a. That would imply
that the donor of PST is also partially negatively charged. The signal at 186.0 ppm can be
assigned to the N-I of the same molecule which is in good agreement with the data from the
literature.

While all signals from the donor Chl a appear with negative sign, the signals from the acceptor
in PST are absorptive. For the Chl a at the acceptor site of PS I, all four resonances can be
assigned in good agreement with data from literature (Diller et al. 2007a). In analogy to the
donor resonances, the most deshielded signals at 233.5 ppm and 206.1 ppm can be assigned to
N-IV and N-II, respectively. The signal at 193.1 ppm can be assigned to N-III, and the resonance
at 190.8 can be attributed to N-I.

Hence, some of the signals observed in the combined PSI and PSII fraction can be assigned to
Chl a positions at the PS I donor site, these are emissive, other to Chl a positions at the acceptor
site, which are absorptive. It appears that there is not only electron spin density on one branch of
the intrinsic PSI electron transport but also some amount on the other branch.

Signals attributed to PS II: The most deshielded nitrogen position of the Chl a or Phe a

cofactors is N-IV. In case of the PS II donor, Chl a N-IV resonates at 248.5 ppm. The signal at
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2134 ppm can be assigned to N-II and the resonances at 195.9 ppm to the nitrogen in the ring III
of the porphyrin structure.

In contrast to PS I, the signals from both the electron donor (Chl a) and primary electron
acceptor (Phe a) occur with emissive polarisation. The signals assigned to PS II are attributed to
a single Chl a cofactor indicating a monomeric donor. The most deshielded signal at 297.3 ppm
can be assigned to the N-IV of the Phe a cofactor which is in good agreement with data from
Chl @ in solution (Boxer et al. 1974) and photo-CIDNP experiments performed on PS II from
spinach (Diller et al. 2007a). The signal at 138.6 ppm could be assigned to N-III.

An additional resonance can be observed at 243.7 ppm. In previous Photo-CIDNP MAS NMR
studies on PS II from spinach, a signal at 243.8 ppm has been assigned to the axial histidine
residue close to the donor (Diller et al. 2007a). Hence, it seems reasonable to assign the
resonance observed at 243.7 ppm in this work to the n-N of the axial histidine of the monomeric

donor.

3.1.2 Lineshape and linewidth in the N photo-CIDNP MAS NMR spectra of the PSI and
PSII fraction of P. tricornutum

Besides the signals at 251.9, 193.1 and 190.8 ppm, where no specific lineshape can be
determined due to the low signal-to-noise ratio, the lineshape of the other stronger and isolated
signals is always Lorentzian, which means that the natural lineshape is not disturbed by any
broadening effect. The light-induced signals appear with a narrow linewidth of about 40-70 Hz.
Except the signal at 186.0 ppm, resonances attributed to the donor are significantly narrower
(FWHM of about 40 Hz) than the acceptor signals, which resonate with a linewidth of 55-70 Hz.

Both, Lorentzian lineshape and the narrow linewidth indicate a rigid donor and a more flexible
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acceptor. Such a lineshape and -width has also been observed in plant PSs (Fischer et al. 1992;
Alia et al. 2004; Diller et al. 2007b). This allows to conclude that in the diatom PSs the electron
transfer occurs in a rigid matrix.

3.1.3 Comparison of the =N spectra of P. tricornutum with those of other species

Signals assigned to cofactors in PSI: The observed signals have been assigned in
comparison to data obtained from PS I and PS II from spinach (Diller et al. 2007b) (Table 1).
Since P. tricornutum is an eukaryotic organism, comparing the PSs of diatoms with those of
eukaryotic plants like spinach or duckweed appears very appropriate, as their PSs are assumed to
be highly conserved (Barber 2006; Green and Durnford 1996). Indeed, the similarities between
the light-induced spectrum of P. tricornutum and the spectra of PS I and PS II from spinach are
obvious in the present work. Interestingly, the spectrum of the diatom reveals an additional weak
signal at 224.9 ppm which has been assigned to the t-N of the axial histidine of the monomeric
donor Chl a. A comparable additional signal has not been reported from the photo-CIDNP MAS
NMR spectra of spinach.

The *N photo-CIDNP MAS NMR spectra from PSI of duckweed (Spirodela oligorrhiza)
(Janssen et al. 2012) and spinach are very similar but three more signals occur in the earlier one.
These signals at 191.0, 210.0 and 253.0 ppm have been assigned to N-III, N-II and N-IV of the
donor Chl a. The absorptive resonance at 210.0 ppm, together with a signal at 206.3 ppm, has
been attributed to the N-II of Chla acting as the primary electron acceptor. This has been
explained (Janssen et al. 2012) as a result of both electron transport branches being active in
PS 1. The third additional signal at 253.0 ppm also indicated the presence of electron spin density
on both branches (Janssen et al. 2012). In the spectrum of PS I from duckweed, the N-III of the

donor resonates as a clearly emissive signal at 191.0 ppm, whereas in the spectrum of spinach the
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absorptive N-I signal of the primary electron acceptor is found at almost the same position
(190.9 ppm). It is remarkable that in the present work on P. tricornutum, the signal at this
chemical shift is absorptive but nearly lost in the noise. Hence, it might be possible that a second
N-IIT donor signal quenches a part of the observed polarisation in this spectral area.

Furthermore, the overall pattern of the PSI spectra of spinach and duckweed differs
significantly. Besides the mentioned change of the sign of the signal at about 191 ppm, the
strongest emissive resonances at 211.4 and 254.3 ppm are much stronger in the spectrum of
duckweed. In contrast, the two most prominent absorptive signals at 206.3 and 233.4 ppm are
more noticeable in the spectrum of spinach. It appears that in the spectrum of P. tricornutum
both emissive and absorptive signals are rather strong. In addition, the N-IV donor signals
(2555 ppm and 2519 ppm) and also the signals attributed to histidine (243.7 ppm and
2249 ppm) are stronger than in the spectra of spinach and duckweed. The spectrum of
P. tricornutum reveals electron spin density more equally distributed on the electron donor and
acceptor as well as on the ligating histidine, compared to the spectra of duckweed and spinach. In
any case, the highest electron spin densities can be observed on N-II and N-1V for P. tricornutum
(for an electron spin density map see Fig. 7) as well as for duckweed (Diller et al. 2007b; Janssen
et al. 2012). In contrast, electron spin density decreases from N-II to N-I to N-IV and finally to
N-IIT in the case of spinach. This was not observed in the diatom spectrum recorded in the
present study (Janssen et al. 2012).

Signals assigned to cofactors in PS II: The resonances observed from PS II in the photo-
CIDNP MAS NMR spectrum of membranes of P. tricornutum are comparable in terms of the
chemical shifts and the corresponding intensities to the PS II spectrum of spinach observed at the

same magnetic field (Diller et al. 2007b).
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The conclusion drawn from the presented light-induced spectrum are in-line with the previous
assumption (Barber 2006; Green and Durnford 1996; Lepetit 2010) that Chl a acts as electron
donor in both PSs and also as primary electron acceptor in PS I and Phe a functions as primary
electron acceptor in PS II like in higher plants.

A depicted electron spin density pattern of PS II, reflecting the local electron spin density, is
presented in Fig. 7. In contrast to the pattern of PS I, no hyperpolarization can be observed on
N-I. Comparison to the pattern observed on PS II from spinach (Diller et al. 2007b) reveals great
similarity, except for N-II, which shows a higher electron spin density in the case of
P. tricornutum.

Comparison of the electronic structures of PS I and PS II from P. tricornutum: The data
of the diatom P. tricornutum obtained with “N photo-CIDNP MAS NMR reveal similar
electronic structures of the radical pairs in both PSs as in higher plants. The electron spin density
distribution in the donor of PSI appears slightly distinct for different eukaryotic PS I
preparations: while in PS I of spinach the highest electron spin density has been observed on the
N of ring II, it is more equally distributed on N-II and N-IV in P. tricornutum. This is similar to
the situation in duckweed (Janssen et al. 2012). Hence, this “N photo-CIDNP MAS NMR
analysis might suggest that the difference between PS1 and PS II of higher plants is more
pronounced than the differences between the two PSs of diatoms.

3.2 *C photo-CIDNP MAS NMR spectra of the combined PSI and PSII fraction of
P. tricornutum

The "C MAS NMR spectra of the PSI/PSII fraction of P. tricornutum in the dark (A) and under
continuous illumination (B) have been detected at 9.4 T (Fig. 8). The spectra were collected over

3 days with a number of scans of about 65,000 and a cycle delay of 4 s.
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Between 0 and 100 ppm, the characteristic signals of a protein can be observed together with
twelve sharp signals which arise from sucrose that was present in the buffer due to the isolation
in a sucrose density gradient (see 2.1). A set of broad signals can be observed between 128.5 and
130.2 ppm which are probably induced by the aromatic side chains of the proteins. The signal at
172.7 ppm is most likely due to carbonyl carbons of the amino acids. Additionally, in the light
spectrum (see below), a number of 16 emissive light-induced signals and two absorptive light-
induced signals can be identified. The predominance of negative signals is not surprising, since
the solid-state photo-CIDNP effect has been shown to be more efficient at this field in case of
PS I (Roy et al. 2007a). In contrast to PS II preparations from higher plants, negative signals can
also be observed in PS II of P. tricornutum (Roy et al. 2007a). This is the first-time report of the
»C solid-state photo-CIDNP effect in this taxonomic class (Bacillariophyceae, Fig. 1).

3.2.1 Signal assignments of the “C photo-CIDNP MAS NMR spectra of the PSI/PSII
fraction of P. tricornutum

Table 2 compiles the light-induced “C chemical shifts observed on the PSI/PSII fraction the
sucrose gradient fraction of P. tricornutum comprising both PSs and compares them to literature
data. Since the solid-state photo-CIDNP effect selectively enhances the cofactors acting as
electron donor and as primary electron acceptor, a signal might be induced by one of four
possible molecules if also in PS I only one branch of intrinsic electron transport is active.

An assignment to a donor or acceptor position on the basis of the sign of the signal is not
straightforward in “C photo-CIDNP MAS NMR experiments. In any case, many signals can be
reasonably assigned by their well-known frequency to either a Chl a or a Phe a cofactor. The
latter one acts as primary electron acceptor in PS II as mentioned above. The assignment of the

enormous number of carbon positions to the observed signals appears to be a more puzzling
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issue for Chl a. Since the electron donor is known to be rigid (Fischer et al. 1992), signals which
are relatively broad might more probably be assigned to the primary electron acceptor, rather
than to the donor. Another hint might be given by the intensity of a signal, since the presented
spectra have been observed at 94 T, where PSI shows the highest photo-CIDNP induced
polarisation, in contrast to PS II where the solid-state photo-CIDNP effect has been observed at a
magnetic field of 4.7 T (Roy et al. 2007a).

A detailed view on the light-induced resonances is given in Fig. 9. The most deshielded signal
appears emissively at 192.1 ppm and can be assigned to a carbon at the 13'-position of Chl a. The
signal resonates at the same position like a donor Chl a observed in PST of the diatom
C. meneghiniana (Zill et al. 2017b) and the signal is also observed in PS II of P. tricornutum (see
chapter 3.3.1), which does not allow to assign this signal to a specific cofactor. The emissive
resonance at 168.3 ppm can be assigned to a C-19 position and is most suitable for a Chl a
cofactor. Since the signal appears rather narrrow (52 Hz) it is probably induced by a donor Chl a.
The broad (124 Hz) signal at 161.6 ppm can be caused by both: a C-14 of a Chl @ and a C-16 of a
Phe a cofactor. It appears reasonable to assign the signal at 156.3 ppm to Chl a C-1 position. The
emissive signals at 154.7 and 153.8 ppm can be conveniently assigned to atoms at the C-6
position of Chl a or Phe a of PS II, however with opposite sign compared to the literature (Diller
et al. 2005; Janssen 2013). Hence, these signals are most probable induced by Chl a and Phe a of
PS II. The absorptive signal at 152.7 ppm can conveniently be assigned to a C-16 of the donor
(Chl a) in PS II since the signal has not been observed in PS I preparations and this position in
Phe a resonates around 161 ppm. The carbons 4 and 14 of Phe a can be observed at the same

position at 151.1 ppm.
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The strongest emissive light-induced resonance is found at 148.5 ppm and might be induced by
a carbon of a Chl a at the C-4 position. Comparison with the literature implies that this Chl a is
very likely the donor in PS II. The emissive signal at 147.7 ppm appears to resonate from C-9 or
C-11 of a Chl a. Probably, the emissive signal at 145.6 ppm resonates due to a C-8 of a Chl a or
a Phe a cofactor. Another absorptive resonance at 143.3 ppm can be assigned to the C-1 position
of a Phe a. The small resonance at 142.5 ppm cannot be assigned to a cofactor. It might be
induced by the protein. Both signals at 139.9 ppm and 137.3 ppm might be induced from a donor
or acceptor C-3 or from the C-2 position of Chl a, respectively. The latter signal can also be
assigned to the e-position of a histidine close to the donor in PS II. The emissive signal at
1334 ppm can be assigned to the C-7 position of a Chl a cofactor or the y-C of histidine.
Another resonance that is attributed to the 3-C of histidine can be observed at 118.2 ppm. The
resonance at 106.3 ppm might appear from a C-10 or C-15 of a Chl a or Phe a cofactor. The
most shielded light-induced signal arises from the C-5 methine carbon of Chl a.

According to literature data (Diller et al. 2005; Janssen 2013; Zill et al. 2017b), PST is
expected to be predominant over PS II at this magnetic field. In the present spectra, out of the 18
light-induced resonances, at least twelve cannot be assigned to cofactors of a specific PS. Signals
assigned to Phe @ must originate only from PSII. Some of these even show emissive
polarisation, which is not expected from PS II in this chemical shift region (for a more detailed
discussion see chapter 3.3.2). The assignment of some signals to Chla of PSII is clearly
indicated. Hence, the "C photo-CIDNP MAS NMR spectra of membranes of P. tricornutum
reveal resonances from both PSs.

3.2.2 Comparison of the spectrum of the PSI/PSII fraction of P. tricornutum with spectra

from PS I and II of other species
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The most apparent difference between photo-CIDNP MAS NMR spectra of plant PS 1 and
PS1II is the pattern of signs. For PS I the entirely emissive pattern has been explained by a
predominance of the TSM mechanism over the DD mechanism. A different situation has been
reported for PS II which is expressed in the positive set of signals in the aromatic range, caused
by the additional action of the DR on the donor, combined with negative signals from the
methine carbons (Diller et al. 2005) Hence, for the membrane preparation presented here both,
positive and negative signals, would be expected. In any case, in this work only one absorptive
signal at 152.7 ppm can be assigned to a Chl a cofactor and one absorptive resonance is likely to
be induced from Phe a (C-1 at 143.3 ppm). All other signals are emissive. Even though for PS 11,
the magnetic field optimum for the observation of the solid-state photo-CIDNP effect is at lower
field at least some signals from PS II with positive sign are expected. The spectrum presented in
Fig.9 does not show a mixed pattern of emissive and absorptive signals as expected from
previous works (Diller et al. 2005; Janssen 2013) on plant PSs. In contrast, for at least two
signals (C-6 of Chl a at 154.7 pm and C-6 of Phe a at 143.3 ppm) a clear inversion of the sign is
observed. Hence, signals from PSII can be observed but with opposite sign. To explore the
origin of the sign change, a sample enriched with PSII is investigated in chapter 3.3 of this
work.

3.3 Magnetic field dependent “C Photo-CIDNP MAS NMR spectra of PS II from P.
tricornutum

The "C MAS NMR spectra of PS II core complexes from P. tricornutum at magnetic fields of
47T (A and B) and 94 T (C and D) in the dark (A and C) as well as under continuous
illumination (B and D) are shown in Fig. 10. All spectra have been recorded over three days with

a number of scans of about 64,000. The characteristic "C NMR signals of a solid protein arise
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between 0 and 100 ppm from the C-a amino acids of the protein backbone. The sharp response
at 104.3 ppm might be due to sucrose or 2-(N-morpholino)ethanesulfonic acid which were both
present in the buffer due to the isolation procedure. In addition, a number of light-induced
signals occurs upon illumination at both magnetic fields (Fig. 10, spectrum B and D). Hence, the
first observation of the solid-state photo-CIDNP effect in PSII extracted from a diatom is
reported in this study.

3.3.1 Signal assignments of the “C photo-CIDNP MAS NMR spectra of PSII from
P. tricornutum

200 MHz NMR spectrum: A detailed view on the enhanced resonances at 4.7 T is presented
in Fig. 11, spectrum A. A number of eight absorptive and two emissive signals occur upon
illumination. The absorptive signal at 168.4 ppm is most probably induced by a C-19 of either a
Chl a or a Phe a cofactor. However, an assignment to Chl a seems more likely since the chemical
shift fits better to the one observed from Chl a in solution and the lineshape is very narrow
(FWHM of 43 Hz), which is typical for the usually more rigid donor. The resonance at
162.4 ppm can conveniently be assigned to the C-14 of the Chl a cofactor. For this signal also a
narrow line-width of 49 Hz is observed. The signal at 156.0 ppm seems to have a shoulder, most
probably due to two overlapping signals. It might be caused by the C-1of the Chl a cofactor. The
shoulder of the signal might be the C-6 of the Phe a cofactor. The absorptive signal at 152.1 ppm
can be assigned to the C-16 of the Chl a acceptor in good agreement with literature data (Diller
et al. 2005; Janssen 2013). This is also supported by the line-width of about 55 Hz. The weak
resonance at 149.5 ppm might be due to the C-4 of Chl a. Another weak signal at 148.7 ppm
could be induced from C-9 or C-11 of Chl a. The strongest signal arises at 147.0 ppm and can

also be attributed to both, C-9 and C-11 of the Chl a donor, which is supported by the rather
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broad line-width of about 90 Hz (FWHM). Another weak resonance can be observed at
133.1 ppm and might be assigned to either the C-7 of Chl a or a position in the histidine residue
coordinating to the Chla donor molecule. The only emissive signal at 105.9 ppm in this
spectrum can be assigned to either C-10 or C-15 or both. The narrow line-width (FWHM of
49 Hz) indicates that the position might belong to the donor. The signal at 96.9 ppm can be
assigned to the C-5 methine carbon most probably of a Chl a.

The narrow line-width of most of the signals indicates a monomeric and rigid donor. No hints
for polarisation located on the second electron transfer branch can be observed, so it appears that
only one of the two possible electron transfer pathways within PS II is active. Most of the
polarisation has been observed on the donor site. Since some signals cannot be clearly assigned
to the donor or the acceptor (e.g., the signals at 168.4 ppm and 152.1 ppm), it cannot be ruled out
completely that there is some polarisation on the primary electron acceptor (Phe a). An overview
of the resonances enhanced by the solid-state photo-CIDNP effect is given in Table 3.

400 MHz NMR spectrum: A number of 18 light-induced signals appear upon continuous
illumination with white light from which two are absorptive and the rest is emissive. The most
deshielded signal arises at 192.0 ppm and can be assigned to the C-13' of the donor. The
strongest signals can be observed in the aromatic region between 133.7 and 168.1 ppm. The
latter one could be assigned to both: Chla or Phe a cofactor. The rather narrow line-width
(FWHM of 54 Hz) indicates that the signal belongs to the donor. The signal at 161.6 ppm
(43 Hz) can be assigned to the C-14 of the donor. A rather weak resonance at 160.5 ppm may
arise from the C-16 of Phe a. The C-1 of the Chl a donor is most likely causing the signal at

155.9 ppm with a typically narrow line-shape (FWHM of 40 Hz) of a rigid donor. The emissive
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resonance at 153.8 ppm can be assigned to the C-6 of Phe a, which is also reflected by the
slightly higher line-width of about 70 Hz.

There are only two light-induced resonances observed which are absorptive: the signal at
152.4 ppm and the one resonating at 143.1 ppm. The first one might be induced by a C-16 of
Chl a, which is also supported by the narrow line-width of about 45 Hz. The second signal at
143.1 ppm can be assigned to the C-1 of the primary electron acceptor which is in good
agreement with the literature (Janssen 2013)

The emissive signal at 151.3 ppm can be assigned to the C-14 of Phe a which is supported by
the broad line-width of 75 Hz. The resonances at 148.4 ppm can be assigned to the Chl a C-4,
again in good congruence with literature data (Janssen 2013). It cannot be decisively concluded
whether C-9 or C-11of Chl a is resonating at 147.7 ppm. The narrow line-shape (FWHM of
47 Hz) indicates that the signal is caused by only one of these positions. The strongest resonance
can be observed 145.4 ppm and could be induced by the C-8 position of either Chl a or Phe a.
However, the line-width of about 50 Hz indicates, that this signal is only induced be the Chl a
position.

The emissive resonance at 139.7 ppm, which has a line-width of 80 Hz, might be due to the
C-3 position of the primary electron acceptor. A signal at a similar position has also been
attributed as an alternative electron spin carrier which might be histidine or another part of the
protein matrix (Janssen 2013). The resonance at 135.5 ppm could be assigned to the C-2 of the
Chl a donor. The signal observed at 133.7 ppm might arise from either the C-7 of Chl a or the

axial ligating histidine, most probably from the y-C position. The weak resonance at 117.9 ppm

might arise from the d-carbon of histidine The most shielded light-induced signal resonates at
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106.1 ppm most probably due to C-10 or C-15 of either Chl a or Phe a. The line-width of about
50 Hz again provides a hint that the signal arises from the donor.

Except for the signals assigned to the protein, all signals have been assigned to either a single
Chl a or a single Phe a position. This implies that only one of the two possible electron transfer

branches in PS II is active, a conclusion which is consistent with the literature (Janssen 2013).

3.3.2 The origin of the sign-change of many light-induced signals at different magnetic
fields

In the photo-CIDNP spectrum A in Fig. 11, obtained at 4.7 T, a number of nine light-induced
signals can be observed of which eight are enhanced absorptive and only one is emissive. Spectra
obtained from spinach and duckweed at the same field appear very similar to the one presented
here (Janssen 2013). Only some of the signals reported in this work appear with weaker
intensity. The similarity in the chemical shifts and the intensity patterns of the spectra observed
on spinach, duckweed and P. tricornutum support the idea (Barber 2006; Green and Durnford
1996) that in eukaryotic species, the pigment-protein complex of PS II is highly conserved.

In contrast to this, in spectrum B of Fig. 11, measured at 9.4 T, 17 of the total 19 light-induced
signals are emissive. Photo-CIDNP MAS NMR spectra of PSII in the literature (Diller et al.
2005) are always characterized by a pattern comprised of mostly enhanced absorptive signals.
Therefore, the mainly emissive pattern of the PS II core complex preparation of P. tricornutum is
indeed a surprise.

The data imply that the sign change is most probably due to a decrease of the extent of the DR
which is itself caused by a shorter-lived molecular triplet state at higher field which is quenched,

if there is a carotenoid nearby. A previous work on PS T core complexes showed that the DR
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mechanism is not active or contributes only very slightly to the total nuclear spin polarisation
leading to typically emissive signals (Zill et al. 2017b). It was shown that the extent of the effect
is increasing with decreasing magnetic field (Thamarath et al. 2012). In the type-II bacterial RC
of R. sphaeroides the DR has only been observed, if there was a carotenoid in close vicinity to
the donor, whereas for the carotenoidless mutant R26 strong DR could be detected (Scheme 1)
(Jeschke and Matysik 2003). The life-time of the molecular triplet state correlates to the distance
of the quenching molecule, typically a carotenoid, and the donor. In case of the bacterial RC of
the R. sphaeroides wild-type, the donor-carotenoid distance is 8.6 A which is reflected by the
short triplet life-time of 100 ns. For plant PS I the cofactor arrangement is slightly different,
whereby the shortest Chl a-carotenoid distance is 10.6 A and the molecular donor triplet has a
half-life of 5 ps (Sétif and Brettel 1990). Since the donor-carotenoid distance is 20.2 A in plant
PS II (Wei et al. 2016) the triplet life-time is long enough to allow the DR to be operative. For
the PS II sample from P. tricornutum the multitude of emissive signals raises the question,
whether the DR is still operating in this sample at 9.4 T. This would imply that even though the
protein subunits in eukaryotic PS II complexes are conserved, the cofactor arrangement might be
different. The carotenoid seems to have a shorter distance to the donor in the PS II, similar to the
situation in the plant PS I but not the plant PS II.

Most recently, another unexpected sign change has been observed in RCs of Rhodobacter
sphaeroides WT at magnetic fields in the millitesla range in a shuttle-MAS NMR experiment
(Grasing et al. 2017), and presently in our laboratory research is going to understand this

phenomenon more adequately.

3.3.3 The involvement of histidine in the solid-state photo-CIDNP effect
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In the "N NMR spectrum shown in Fig. 6, two signals resonating at 224.9 and 243.7 ppm were
observed. These signals carry much lower electron spin density as compared to the Chl and Phe
cofactors. Previous photo-CIDNP studies on PS II from spinach have shown that the histidine in
the surrounding protein matrix ligating to the donor Chl a also obtains polarization (Diller et al.
2007a). In that study, a photo-CIDNP MAS NMR signal at 243.8 ppm has been assigned to the
n-nitrogen of the histidine residue. Interestingly, in this work a *N signal at 243.7 ppm was
observed from the PS II RC of the diatiom P. tricornutum, which can be safely assigned to the n-
nitrogen of histidine ligating to the donor Chla. In addition, we detected another signal at
224 9 ppm, which has not been observed in any photo-CIDNP spectrum from PS II. The signal at
224 9 ppm matches very well with the assignment of t-nitrogen of the histidine which ligates to
the Mg of the Chl. This assignment is based on the “N resonances of the imidazole side chain of
histidine in LHC II (Alia et al. 2001) and in bacterial RCs of R. sphaeroides (Alia et al. 2009)
detected with MAS NMR. Since the two accessory chlorophylls in PS II, Chl,, and Chl.., are not
coordinated to histidine, this implies that P,, or P,, and the histidine ligating to the donor Chl get
polarized. For comparison, a view on the histidine-198 ligating to Mg~ of Chl a in the x-ray
structure of PSII from spinach is presented in Fig. 13 (Wei et al. 2013). This complex of
histidine and Chl a appears as the electron donor in PS II from P. tricornutum. Based on the *"N
chemical shift value of histidine, we can conclude that this histidine is most likely neutral in
character and carrying an electron lone pair at the w-position (243.7 ppm) while the t-nitrogen is
ligated to Mg of the Chl (224.9 ppm).

To gain further insight into the electronic structure and charge states of axial histidines, we
analysed the "C photo-CIDNP MAS NMR spectrum obtained from the PS II core complexes of

the diatom P. tricornutum.
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Interestingly, the »C photo-CIDNP MAS NMR spectra also show a set of three clear signals
which all can be attributed to a histidine (Fig. 11 and Table 3). These signals appear at 117.9,
133.7 and 136.8 ppm and were assigned to the o-, y- and e-carbon of the imidazole ring of
histidine based on the previous “C assignment of histidine in LHC II and bacterial RC which
were obtained by using solid-state MAS NMR (for comparison see Table 4) (Alia et al. 2001;
Alia et al. 2009). Based on the "C resonances of the &- and the y-carbon, it can be further
confirmed that the histidine seen in the photo-CIDNP MAS NMR spectra of the PSII of the
diatom P. tricornutum is most likely neutral in character (Scheme 2).

4 Conclusions

It is demonstrated that the solid-state photo-CIDNP effect can be observed in the
Bacillariophyceae class of the diatom phylum. We have shown the effect in four experiments: (I)
on a “N labelled sample from P. tricornutum containing both PSI and PSII and (II) with “C
photo-CIDNP MAS NMR on the same sample as well as on a PS II core complex preparation
from the same species at 4.7 T (III) and at 9.4 T (IV). Therefore, it appears to be plausible that
the effect can be observed in all phototrophic species, since it was found in nine different species
from all three phototrophic kingdoms and a variety of phyla, so far. Hence, the effect seems to be
conserved in all phototrophic species. It appears that the structural features enabling a species to
perform photosynthesis are related to the occurrence of the solid-state photo-CIDNP effect.

The signals assigned to PS I show that most electron spin density is located on only one branch
of intrinsic PS I electron transport. However, a minor part of the electron spin density seems to
be localized on the other branch. It appears that the *N photo-CIDNP MAS NMR pattern of PS I

from P. tricornutum is more similar to the PS I pattern of duckweed than to that of spinach.
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In PS I most of the electron spin density is observed on the donor and the primary electron
acceptor of one branch. Only a small quantity might be assigned to the other branch. All signals
can be assigned to Chl a cofactors in PS I.

In the case of PS II, most signals have been assigned to the Chl a and Phe a cofactors of only
one branch, as found in higher plants. In addition to the resonances from Chl a and Phe a, some
signals originating from PS II can be assigned to a specific histidine residue. For the first time, a
complete set of all five positions of the imidazole ring are assigned in the *C and *N solid-state
MAS NMR spectra. Hence, the electron donor in PSII from P. tricornutum must be Chl a-
histidine-complex. It appears that in the Chl-histidine complex, the histidine provides partial
charge to the Chl. The “N photo-CIDNP pattern of PS II from P. tricornutum is very similar to
the one observed from spinach (Diller et al. 2007b). Based on proteomic and genomic data, it is
expected that both PSs are highly conserved in plants as well as in the diatom phylum (Barber
2006; Green and Durnford 1996; Lepetit 2010). The presented data strongly suggest, that the
inversion of the photo-CIDNP signals at 9.4 T with respect to the spectrum at 4.7 T is caused by
a decrease of the DR mechanism. This leads to the assumption that a carotenoid cofactor might
be closer in PS II of P. tricornutum compared to PS II preparations from higher plants. Since no
x-ray structures of diatom PSs exist, the present study provides the first evidence that the
cofactor arrangement in the diatom PS II RC is different compared to that in higher plants.

The photo-CIDNP MAS NMR spectra of both samples show narrow peaks assigned to the
donor, which indicates a very rigid structure of the electron donor. This is common in all
photosynthetic RCs. Although no x-ray data of photosystems of diatoms are available, photo-
CIDNP MAS NMR has been able to perform a detailed analysis of the properties of the

photochemical machinery.
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and Matysik 2003).
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Figure 1: Taxonomic overview according to Cavalier-Smith (Cavalier-Smith 1998), with
modifications. Domains and kingdoms containing phototrophic species are labeled in green. So
far, the solid-state photo-CIDNP effect has been observed on ten species.( Alia et al. 2004;
Bryant et al. 2007; Diller et al. 2005; Diller et al. 2008; Janssen et al. 2010; Janssen et al. 2012;
Roy et al. 2007a; Roy et al. 2007b; Roy et al. 2008; Thamarath et al. 2010; Zill 2017a; Zysmilich
and MCDermott 1994) The first time observation of the solid-state photo-CIDNP effect in the

bacillariophyceae class is reported in this work (orange star).
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Figure 2: Phaeodactylum tricornutum: fusiform (left) and tri-radiate form (right).
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Figure 3: Density gradient used to isolate a PS (PSI and PSII) fraction (A*) and PSII core
complexes from P. tricornutum (A°). Protein composition determined by SDS-PAGE indicates

the presence of both photosystems in the PS fraction which is in-line with results provided by
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Nagao et al. 2013, demonstrating a similar molecular weight of monomeric PS II and PST (B*).

The protein composition of the PS II core complex preparation demonstrates a strong enrichment

of PS 1I (B®).
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Figure 4: MAS NMR spectrum of solid cationic histidine illustrating the phasing of the external
standard. The spectrum was obtained at a magnetic field of 94 T and a MAS rotational

frequency of 8 kHz. The asterisk (*) refers to spinning sidebands.
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Figure 5: "N-MAS NMR spectra of the combined PSI and PSII fraction from P. tricornutum at
94 T. Spectrum A has been recorded in the dark, while spectrum B was obtained under

continuous illumination with white light.
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Figure 6: Zoom into the region of light-induced signals in the *N photo-CIDNP MAS NMR
spectrum of the combined PSI and PSII fraction from P. tricornutum obtained under continuous

illumination (Spectrum 5B).
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Figure 7: Photo-CIDNP patterns of Chl a molecules. left: PS I, Chl a acting as donor (solid line)
or primary electron acceptor (dashed line). right: PS II, donor Chl a. The sizes of the circles are

derived from the NMR intensities. R = Phytyl side chain.
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Figure 8: “C photo-CIDNP MAS NMR of both PSs from P. tricornutum at 94 T. A: dark

spectrum, B: under continuous illumination with white light.
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Figure 9: Detailed view on the light-induced signals of the “C photo-CIDNP MAS NMR

spectrum the combined PSI and PSII fraction of P. tricornutum under continuous illumination.
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Figure 10: Magnetic field dependent “"C MAS NMR spectra of PS II core complexes from P.
tricornutum: A) dark spectrum at 4.7 T, B) light spectrum at 4.7 T, C) dark spectrum at 9.4 T, D)

light spectrum at 9.4 T.
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Figure 11: Zoom into the aromatic region of the “C photo-CIDNP MAS NMR spectra of PS II

core complexes from P. tricornutum obtained at magnetic fields of A) 4.7 T and B) 94 T.
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Figure 12: *C Photo-CIDNP patterns of the Chl a donor molecule of PS II core complexes
isolated from P. tricornutum at different magnetic fields: A: 4.7 T and B: 94 T. The sizes of the
circles depict the NMR intensities. Positions with absorptive polarisation are labelled in red,
emissive signals are displayed in blue. Dashed circles represent carbons that might be assigned to

two positions. R = Phytyl side chain.
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Figure 13: Detailed view on the Chl a donor of PS II of spinach and the histidine ligating from

an axial position (3JCU.pdb) (Wei et al. 2013).
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Scheme 2: “C and “N photo-CIDNP MAS NMR data show that the t-N of histidine is ligating to

the Mg> of the donor Chl a of PS II from P. tricornutum. It appears that the n-N has a lone pair.

55



Tab. 1: *N-chemical shifts of the photo-CIDNP MAS NMR signals compared to chemical shift
data reported in the literature.

Cofactor Atom Solution  PSI/PSII fraction PS I from spinach PS II from
datar from at94 T spinach  at
P. tricornutum’ 47T
Chl a N-I 186.0 186.0 (E) 186.2 (E)
N-I 190.8 (A) 1909 (A)
N-II 206.5 2134 (E) 211.5 (E)
N-1I 2120 (E) 211.5 (E)
N-1I 206.1 (A) 206.1 (A)
N-IIT 1894 1959 (E) 1953 (E)
N-III 198.8 (E)
N-III 193.1 (A) 1932 (A)
N-IV 2470 248.5 (E) 247.6 (E)
N-IV 2555 (E), 2519 2549 (B),
E E
- (E) (E)
2335 (A) 2333 (A)
Phe a N-I 1255
N-II 2415 _
243.7 (E)* -
N-IIT 1339 138.3 (E)
138.6 (E) -
N-IV 295.8 2950 (E)
o 297.3 (E) -
Histidine  n-N 2438 (E)
243.7 (E)*
T-N -
2249 (E) -

* solution data, measured in CDCI,, ref. (Boxer et al. 1974).

* This work.

<PS 1 and PS Il from spinach, ref. (Diller et al. 2007a).

* cannot be clearly assigned to one position.
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Tab. 2: *C chemical shifts of the photo-CIDNP MAS NMR signals from PSI/PSII fractions of P.
tricornutum compared to chemical shifts of Chl a and Phe a from the literature.

“C chemical Carbon atom =C vC “C  chemical "C chemical "C  chemical
shift (ppm): chemical  chemical shift (ppm) shift (ppm)-  shift (ppm)
shift (ppm)> shift
(ppm):

192.1 (E) 13 190.6 190 1904 (E) 1920 (E)
168.3 (E) 19 170.0 171 166.6 (A) 166.8 (A) 168.2 (E)
161.6 (E) br. 14 162.0 162.1 (A) 162.2 (A) 161.7 (E)
161.6 (E) br. 16 161 160.6(A)
156.3 (E) 1 1559 156.0 (A) 156.0 (A) 156.1 (E)
154.7 (E) 6 1544 155.0 (A) 154.6 (A)
153.8 (E) 6 156 1539 (A)
152.7 (A) 16 154.0 157.5 (A) 151.6 (A)
151.1 (E) 14 and 4 151 151.5 (A)
148.5 (E) 4 150.7 1488 (A) 149.2 (A) 1512 (E)
147.7 (E) 9 and 11 147.2 1472 (A) 1472 (A) 1484 (E) and

and 1478 (A) 1478 (E)
145.6 (E) 8 146.2 145 146.6 (A) 1460 (A) 145.5 (E)
143.3 (A) 1 142
142.5 (E) His ? 142.5 (EHis ?)
1399 (E) 3 138.2 (A) 1374 (A) 139.8 (E)
1373 (E) br. 2 136.1 136.0 (A,C-2) 1379 (E)

and His (e-C) 136.0 (A, His)
1334 (E) 7 1334 - ~132 (A) 1334 (E) br.
and His (y-C)

118.2 (E) His (5-C)
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106.3 (E) 10 and 15 1082 and 105 104.8 (E) and 1069 (E) and 105.9 (E)
102.8 and107 1039 (E) 104.7 (E)

* This work, samples including both PSs of diatom P. tricornutum measured at 9.4 T.
» Isolated Chl a as solid aggregate (SDBS 1999).

< plant Phe a recomstituted in R. sphaeroides R26 RCs (Boender 1996).

¢« PS II thylakoids from duckweed, 4.7 T (Egorova-Zachernyuk et al. 1997).

< PS II from spinach, 9.4 T, ref. (Alia et al. 2004).

* PS I core complexes from C. meneghiniana,9.4 T, ref. (Zill et al. 2017b).

br. = broad, His = histidine.
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Tab. 3: Overview on the photo-CIDNP MAS NMR resonances of PS II core complexes from P.
tricornutum at different magnetic fields.

“C  chemical "C chemical Carbon vC vC »C chemical shift “C chemical
shift (ppm):  shift (ppm)> atom chemical chemical (ppm): shift (ppm)’
shift shift
(ppm)  (ppm)
1920 (E) 13 190.6 190 1904 (E)
1684 (A) 168.1 (E) 19 170.0 171 166.6 (A) 166.8 (A)
1624 (A) 161.6 (E) 14 162.0 162.1 (A) 162.2 (A)
(160.5 (E)) 16 161 160.6(A)
156.0 (A) 1559 (E) 1 1559 156.0 (A) 156.0 (A)
(156.0 (A)) 1538 (E)br. 6 156 1539 (A)
152.1 (A) 1524 (A) 16 154.0 157.5 (A) 151.6 (A)
1513 (E)br. 14 151 151.5 (A)
1495 (A) 1484 (E) 4 150.7 1488 (A) 149.2 (A)
148.7 (A) and 147.7 (E) 9and 11 147.2 147.2 (A) and 1472 (A)
147.0 (A) 1478 (A)
1454 (E) 8 146.2 145 146.6 (A) 146.0 (A)
143.1 (A) 1 142 142.3 (A)
141.2 (E) His? 142.5 (E)
139.7 (E) br. 3 136 138.2(A) 1374 (A)
136.8 (E) His (e-C) 136.0 (E)
1358 (E) 2 136.1 136.0 (A)
133.1 (A) 133.7 (E) 7 and 1334 ~132 (A)
His (y-C)
1179 (E) His (5-C)
105.8 (E) 106.1 (E) 10 and 15 1082 and 105and 104.8 (E) and

102.8

107

1039 (E)
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96.9 (E) 5 98.1 97 979 (E) 979 (E)

« This work, PS II core complexes from P. tricornutum measured at 4.7 T, » This work, PS II core
complexes from P. tricornutum measured at 9.4 T. - Isolated Chla as solid aggregate (SDBS
1999), « plant Phe a reconstituted in R. sphaeroides R26 RCs (Boender 1996). < PS 1I thylakoids
from duckweed, 4.7 T (Egorova-Zachernyuk et al. 1997), ' PS II D1D2 preparation from spinach
9.4 T (Alia et al. 2004). His = histidine, bold = assigned to Chl a only, br. = broad (>70 Hz).

Tab. 4: »C and *N Photo-CIDNP MAS NMR signals attributed to histidine.

Histidine chemical shift (ppm)
position
neutral neutral neutral cationic  P. tricornutum  photo-
histidine histidine histidine histidine CIDNP in
without with 7T-N- with 7T-N- with Literature
n-N- H-bonding: H-bonding, lonepair
H-bonding: no Mg at the
ligation® m-Ne
y-C - - 1370 128.0 133.7+(133.4¢) 1342 (A)
5-C 121.9 119.1 1135 1193 117.9¢(118.2°)
e-C 1309 1299 138.6 136 .4 136.8:(137.3¢) 136.0 (A)
-N 170 175 250 178 2437 (E) 2438 (Ey
N 225 220 176 225 2249 (E)

+ data from Alia et al. 2001.

» data from Nagao et al. 2009.

< this work, data from PS II from P. tricornutum.

« this work, data from PSI/PSII fraction from P. tricornutum.
- data from Egorova-Zachernyuk et al. 1997.

r data from Prakash et al. 2005b.
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