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Abstract Photochemically induced dynamic nuclear polarization (photo-CIDNP)
is observed with time-resolved '’N magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) in uniformly '°N-labeled reaction centers (RCs) of the purple
bacterium Rhodobacter (Rb.) sphaeroides R26 under illumination with nanosecond
laser flashes. The >N NMR signals enhanced by the solid-state photo-CIDNP effect
are related to electron spin densities in the primary radical pair and allow for
reconstruction of the electronic structure at atomic scale. New assignments for the
photochemically active nitrogens are proposed based on simulations of the inten-
sities. The ratio of electron spin densities between cofactors Py and Py, is observed
to be about 4:1. The origin of the high asymmetry is discussed.

1 Introduction

The term “photochemically induced dynamic nuclear polarization” (photo-CIDNP)
refers to the enhanced nuclear polarization which is caused by chemical processes
involving radicals and is observed for example in 'H, "*C and '°F nuclear magnetic
resonance (NMR) experiments as negative (i.e. emissive) and enhanced positive
(i.e. absorptive) signals during a light-induced or thermally activated reaction
involving radical pairs (for reviews, see refs. [1-4]). In liquid-state NMR, the
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Fig. 1 Kinetics and spin dynamics of electron transport in quinone-depleted RCs of Rb. sphaeroides
R26. After absorption of a photon, from the photochemically excited singlet state of the primary donor
P*, an electron is transferred to the primary acceptor @, a bacteriopheophytin cofactor. This initial singlet
radical pair '(P"F® ") is in a non-stationary state and highly electron polarized. An electron back-transfer
leads to the electronic ground state (dashed arrow). Due to hyperfine interaction with nuclei, the singlet
radical pair evolves into a triplet radical pair >(P"® 7). Concomitantly to this process of spin intersystem
crossing (ISC), electron polarization is transferred to nuclei by the TSM and by the DD mechanisms. Net
nuclear polarization is created by unbalancing the decay pathways of the singlet and the triplet radical
pair (singlet and triplet branches). The DR occurs on signals of the donor since nuclear spin relaxation is
significant during the molecular triplet state (°P). In time-resolved resolved experiments, (TNP) can be
observed directly from the singlet decay channel because the nuclear polarization of the triplet decay
pathway (triplet branch, dotted arrow) reaches the ground state with a delay of 100 ps

phenomenon is often explained by the so-called radical pair mechanism [5, 6]. In
the solid state, the occurrence of photo-CIDNP has been observed in frozen and
quinone-blocked natural photosynthetic reaction centers (RCs) where it has first
been detected by '° N magic-angle spinning (MAS) NMR in 1994 [7]. Meanwhile,
the effect has been observed under continuous irradiation of the sample by '*C and
"N MAS NMR in bacterial RCs of Rhodobacter (Rb.) sphaeroides WT [8] and R26
[91, Rhodopseudomonas acidophila [10], Chlorobium tepidum [11] and Helioba-
cillus mobilis [12] as well as in RCs of plant photosystems I and II [13-15]. Solid-
state photo-CIDNP effects were also observed on ketones in organic phase [16].
The kinetics of the cyclic electron transfer in quinone-blocked RCs of Rb.
sphaeroides R26 is described in Fig. 1. The radical pair is born in a pure electronic
singlet state S, which evolves coherently into a triplet state T, while the other two
triplet states (T, ; and T_;) are not populated at high magnetic fields. This high
electron polarization delocalized in the Sy — Ty manifold is detected as photo-
chemically induced dynamic electron polarization [17, 18]. In this context, electron
polarization of the radical pair corresponds to selective population of the two non-
eigenstates having the magnetic quantum number m = 0 and being in the Sqg — Ty
manifold. In steady-state photo-CIDNP MAS NMR experiments, up to three
mechanisms, two coherent and one based on relaxation, cause the build up of net
photo-CIDNP [4, 8, 9, 19]: (1) In the three-spin mixing (TSM), the off-diagonal
elements of the radical pair Hamiltonian lead to a transfer of polarization from the
highly polarized electron pair to nuclei near a double matching condition [20, 21].
(2) In the differential decay (DD) mechanism, the different decay times of the
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radical pair via either its singlet or its triplet state lead to additional nuclear
polarization [22]. (3) In samples having a long lifetime of the molecular triplet state
of the donor, as in RCs of Rb. sphaeroides R26, the differential relaxation (DR)
mechanism leads to relaxation of nuclear polarization in the decay pathway of the
triplet state of the radical pair which causes net nuclear polarization in the electronic
ground state [4, 23, 24]. The enhancement of signal sensitivity and selectivity of the
nuclei allows for detailed studies on structure and dynamics of the photosynthetic
cofactors active in the formation of the primary radical pair [4]. The observed
chemical shifts are related to the electronic ground state of the cofactors and, in
absence of spin diffusion, the photo-CIDNP intensities are related to the local
electron spin densities. While '>C photo-CIDNP MAS NMR provides complex
spectra which mostly do not allow for a straightforward chemical shift assignment,
>N photo-CIDNP MAS NMR data are less complex and thus allow for more direct
assignment and interpretation.

Recent development of time-resolved nanosecond laser flash photo-CIDNP MAS
NMR allows to observe the evolution of nuclear polarization on the micro- and
millisecond time scale [25, 26]. In such time-resolved B¢ photo-CIDNP MAS NMR
experiments, due to the difference in the two decay pathways of the radical pair,
transient nuclear polarization (TNP) and nuclear spin diffusion have been observed
[4, 25, 26]. These studies are also very suited to reveal the mechanisms involved in
the solid-state photo-CIDNP effect [4, 26]. Here, we present time-resolved BN
photo-CIDNP MAS NMR data obtained on RCs of Rb. sphaeroides R26.

2 Materials and Methods
2.1 Reaction Center Preparation

Rhodobacter sphaeroides R26 was grown under anaerobic conditions in a medium
containing 95% I5N-labeled NH,4CI from VEB Berlin Chemie (Berlin-Adlershof,
Germany) [27, 28]. The extent of '>N incorporation has been determined by gas
chromatograph and mass spectrometer (GC-MS) to be ~60%. The RCs were
isolated by the procedure described in ref. [29]. Quinone depletion in the WT RC is
reported in ref. [8]. For quinone reduction in R26 RC, 5 pL. of 0.05 M sodium
dithionite has been added to 100 pL of sample volume.

2.2 MAS NMR Measurements

The NMR experiments were performed using an AV-200 NMR spectrometer
(Bruker Biospin, Karlsruhe, Germany). The samples were loaded into optically
transparent 4-mm sapphire rotors. For continuous illumination experiments, a setup
specially designed for the Bruker MAS probe has been applied [4, 30]. Light and
dark spectra were obtained by simple Bloch decay followed by a spin echo pulse
sequence. The cycle delay for continuous illumination experiments was 4 s.
Time-resolved nanosecond-flash photo-CIDNP MAS NMR measurements have
been performed as in ref. [25] by changing the delay time between laser light pulse
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excitation and NMR detection systematically from 0 to 500 ms in '’N-labeled RCs
of Rb. sphaeroides R26 "N labeled. The cycle delay was 134 ms.

In all experiments, the signal has been detected using two-pulse phase
modulation (TPPM) proton decoupling [31]. The temperature has been 233 K at
a spinning frequency of 8 kHz. Artificial line broadening of 40 Hz has been applied.
The number of scans was 120 k per spectrum. Chemical shifts are given relative to
'SNHa, using the response of solid '"NH4NO; at 6 = 23.5 ppm as a reference.

2.3 Spectral Fitting of Experimental Data

The fitting of the experimental photo-CIDNP MAS NMR spectrum of RCs of Rb.
sphaeroides R26 has been performed using Igor Pro v. 6.01 (Lake Oswego, OR,
USA). As starting parameters for the fitting procedure, the chemical shifts have been
taken from the literature [32]. During the fitting procedures, the chemical shifts have
been kept fixed for all the spectra collected at different evolution times.

In Table 1, the values of the normalized NMR intensities for both P, and Py, are:

Pi = pi/px
where py is the highest value of p;, being Py -NIV.

Table 1 Comparison of local electron spin densities within the radical pair of RCs of Rb. sphaeroides
R26

IUPAC number  Simulation® Experiments
Normalized Fermi Normalized Fermi contact  Fermi contact
photo-CIDNP  contact (a;5,)  photo-CIDNP  (ajs,) by (a;s0) by
>N intensity "N intensity> '’N-ESEEM” >N cw-ENDOR®
P -NI —0.6 0.95 -0.7 2.61 2.40
P -NII —-0.8 1.41 —0.7 3.72 3.24
Py -NIIT —0.4 0.84 —1.0 3.49 2.93
P; -NIV —0.9 1.78 —1.0 2.97 2.68
Py-NI —-0.3 0.57 —0.1 0.55 1.29
Py-NII —-0.5 0.91 —-0.2 0.74 1.59
Py-NIIT —-0.4 0.72 -0.3 0.52 1.28
Py-NIV —0.6 1.10 -0.3 0.68 1.30
BPheo- NII -0.5 0.71 —0.1
BPheo-NIV -1.0 0.70 —-0.9
Ratio pr/pm 1.5 1.5 3.8 5.1 2.1

IUPAC International Union of Pure and Applied Chemistry

Isotropic hyperfine interaction (a;,) values are given in megahertz. The ratio py/py is defined by the ratio
of the electron spin densities p of cofactors P, and Py, expressed either by transient photo-CIDNP
intensities or by isotropic hyperfine interaction values

* This work
® Ref. [53]
¢ Ref. [54]
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2.4 Density Functional Theory (DFT) Calculations of the Hyperfine Tensors

DFT computations of hyperfine (hf) coupling tensors were performed with the
Amsterdam Density Functional (ADF) 2002.1 package (SCM N.V., Amsterdam, The
Netherlands), using the triple-zeta polarized (TZP) all-electron basis set for all atoms
as described before [19]. Geometries of ground state molecules were taken from the
crystal structure in the charge-neutral state [Protein Data Bank (PDB) identifier,
1AIJ] [33] and subjected to geometry optimization within ADF in the cation radical
state in vacuo. Such geometry optimization converges to the local minimum of the
energy hypersurface that is next to the experimental structure, so that side group
conformations and deformations of the macrocycles are preserved. The computations
were performed considering P and Py, coordinated with His-L.173 and His-M202 to
the Mg atom and with the phytyl chain substituted by a methyl group.

The >N hyperfine tensors have been obtained by scaling the '*N hyperfine
tensors, originally computed by ADF, with the ratio of the nuclear g values g,('*N)/
gn(l4N). Details on the DFT calculations are provided in refs. [4, 19, 26].

2.5 Numerical Simulations of the TNP Intensities

The photo-CIDNP intensities have been computed using Matlab™ (The Math-
Works, Inc., Natick, MA, USA). The theory used for simulation is presented in
Sect. 4.3. Full powder average describing all interactions by tensors is applied. A
spherical grid, function sphgrid in EasySpin [34], with 16 knots and C; symmetry
(481 orientations), has been found to be sufficient for powder averaging. The Matlab
routine will be provided upon request. Details of the simulations are described in [4,
19, 26]. Differences between experimental and simulated data are mainly due to
imprecision of DFT calculations as well as the estimation of the g tensor of the
bacteriopheophytin acceptor. Furthermore, the error margins are rather large for
the exchange and the electron—electron dipole coupling in the radical pair. The
computed values have been used as input file for SpinEvolution [35] to simulate the
MAS spin echo pulse sequence adopted in the NMR experiments.
The simulated nuclear polarizations presented in Table 1 are normalized by:

&i = ai/ak

where ;. is the highest value of the a; terms of '°N, being N-II of BPheo.

3 Results
3.1 Continuous Illumination Experiments

Figure 2A is the "N MAS NMR spectrum of uniformly '°N-labeled RCs of Rb.
sphaeroides R26 RC sample obtained in the dark. The weak and broad positive
signals arising at about 120 ppm originate from amide nitrogens of the protein
backbone. Figure 2B is a '>N photo-CIDNP MAS NMR spectrum of the same
sample collected under continuous illumination with white light. Upon fitting (not
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shown), a total of ten photo-CIDNP induced signals can be resolved in the spectrum.
Due to the moderate magnetic field strength, no spinning sidebands are observed,
while they have been identified in previous >N photo-CIDNP MAS NMR
experiments at higher fields and lower MAS frequencies [4, 7, 27, 36]. The full
width at half height (FWHH) of 40-50 Hz are in line with the concept of a rigid and
well-ordered inner part of the RC [37], as it is required for highly efficient electron
transfer. No major differences have been observed considering the width of the
signals arising from the donor and the acceptor.

3.2 Nuclear Polarization Evolution

The spectra C-L of Fig. 2 have been obtained in the dark (C) and with time-
resolved photo-CIDNP MAS NMR by applying different time delays of 0 us (D),
20 ps (E), 80 ps (F), 160 ps (G), 4 ms (H), 10 ms (I) and 500 ms (L) between the
light pulse and the NMR detection pulse using a 532-nm 8-ns light flash. All the
spectra have been collected at a magnetic field of 4.7 T and a temperature of 233 K.
The data show the time-dependent evolution of '’N nuclear polarization occurring
in the radical pair. In the initial stage, as shown in the spectrum obtained with a
delay time of O ps (D), all light-induced signals have their maximum intensities.
During the following evolution, the intensities of all signals of the spectrum decay,
especially of the two groups of signals between 180 and 200 ppm as well as
between 290 and 300 ppm. After about 160 ps (G), these groups of signals are

Fig. 2 "°N photo-CIDNP MAS

NMR spectra of uniformly

'>N-labeled RCs of Rhodobacter s inashdany
B
C

sphaeroides R26 in the dark (A)
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hardly observed, while the central group of signals between 250 and 260 ppm
remains on the millisecond time scale. Hence, it appears that (TNP) associated with
the two outer groups of signals occurs on the microsecond time scale, while the
dominant central group of signals survives in the millisecond time regime.

In the previous works [4, 8, 38], the solid-state photo-CIDNP effect occurring
under continuous illumination have been explained by the TSM, DD, and DR
mechanisms. TNP also has been observed recently by time-resolved '*C photo-
CIDNP MAS NMR on RCs of Rb. sphaeroides WT and R26 [26]. In R26 samples,
the '*C TNP also decayed on the microsecond time scale. As shown in Fig. 1, the
decay of the singlet branch of the radical pair occurs in 20 ns, while the nuclear
polarization originating from the triplet state of the radical pair reaches the ground
state after 100 ps. Hence, the lifetime of the TNP is in the microsecond range and
correlates to the lifetime of the molecular triplet state of the donor (*P). It has been
shown that the strong paramagnetic line broadening for nuclei exposed to the strong
local magnetic field of the triplet electrons hides the NMR signals from this fraction
of RCs [26]. Hence, the delayed observability of RCs from the triplet branch allows
for transient selective observation of the RCs of the singlet branch. After the RCs
from the triplet branch have returned to the ground state, their opposite nuclear
polarization extinguishes the TNP signal.

4 Discussion
4.1 Sign of the Signals

The sign of a TNP signal I'(¥) for nucleus i follows the multiplicative sign rules of
the radical pair mechanism [39] and is given by the product of four signs:

[(i) = u-e-sgn(y,) - sgn(Ag) - sgn(A;)

where sgn(y,) is the sign of the gyromagnetic ratio of the nucleus (negative for '°N),
sgn(A4;) is the sign of the difference of the g values of the radicals, and sgn(A;) the
sign of the secular hyperfine interaction. Furthermore, ptis “+” for a triplet precursor
and “—” for a singlet precursor, and & is “+4” for recombination products,
corresponding to the singlet decay branch, and “—” for escape products,
corresponding to the triplet decay branch. If only this solid-state equivalent of the
radical pair mechanism is operative, the polarization of RCs in the singlet branch has
the same magnitude as the one of RCs in the triplet branch and opposite sign. Hence,
when all RCs have returned to the ground state, the ground state nuclear polarization
exactly cancels. For this reason, only the nuclear polarization can be observed
transiently during the time when single-branch RCs have already returned to the
ground state while triplet branch RCs have not. The NMR signals from the triplet
branch RCs are then suppressed by strong paramagnetic line broadening. The TNP
thus arises solely from the singlet branch, so that the product u-¢ has a negative sign.

In general, the sign of Ag in RCs depends on orientation. However, given the g
tensors of donor and acceptor radicals known from high-field EPR spectroscopy
[40, 41], for an overwhelming majority of orientations it is positive in the spin
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Hamiltonian for acceptor nuclei and negative for donor nuclei. The opposite sign
ensues as we assume that the nucleus is coupled to the first electron spin and
Ag = g1 — g2 [19]. The sign of A; may also depend on orientation, but anisotropic
contributions to the radical pair mechanism (RPM) average to a first approximation.
Hence, the sign of the isotropic hyperfine coupling determines whether the
polarization is emissive [negative I'(i)) or absorptive (positive I'(i)]. For all donor
'>N nuclei the isotropic hyperfine coupling is positive, so that emissive signals are
expected. The acceptor '°N nuclei in rings I and III, which carry the protons and
have the smallest chemical shifts among all light-induced signals in the spectra,
have positive isotropic hyperfine couplings. Because of the positive sign of Ag for
the acceptor, absorptive signals are expected for these nuclei. Such absorptive
signals are not observed. According to the work of Zysmilich and McDermott [42]
they should appear in the shift range between about 100 and 110 ppm, where we do
not observe any signals. In contrast, the acceptor ‘>N nuclei in rings IT and IV have
negative isotropic hyperfine couplings, so that emissive signals are expected.

4.2 Signal Assignment to Donor and Acceptor Cofactors

Since all photo-CIDNP signals are emissive, we may only exclude the Ny and Nyj; of
the acceptor, but cannot distinguish between donor nuclei and acceptor nuclei Ny
and Nyy by considering the sign of the signals only. The chemical shift information,
however, allows clearly to distinguish signals from bacteriochlorophylls (BChl)
from those of bacteriopheophytins (BPhe). McDermott and co-workers [42]
assigned the “outer” set of signals (130-150 and 290-310 ppm) to BPhe and the
“inner” set to BChl. These authors, however, did not aim to assign the signals of
BChl to either Py, or Py, the two cofactors of the special pair donor. Later, based on
the simple assumption of a link between continuous illumination photo-CIDNP
intensities and local electron spin densities, it was suggested that the signals which
are higher in the continuous illumination experiment are originating from the P
cofactor known to carry electron spin density higher than Py, [8, 43]. This relation
holds indeed for the TSM-induced polarization that is proportional to the square of
spin densities in the corresponding atomic p orbitals that contribute to the singly
occupied molecular orbital (SOMO) [44]. However, it is not clear whether this
argument extends to TNP, which is roughly proportional to spin densities in the
corresponding atomic s orbitals that contribute to the SOMO. Furthermore, under
continuous illumination spin diffusion and relaxation effects may establish steady-
state polarizations that do not follow such simple rules. In the present paper, we re-
investigate these assignments on basis of new '°N data from model compounds [32]
and of simulations of the local nuclear polarization occurring transiently from the
singlet state of the radical pair. As shown in Sect. 4.3, these TNP intensities can be
taken as approximation for local electron spin densities.

4.3 Simulation of TNP Signal Intensities

The occurrence of the TNP [26] is not specific for solid-state photo-CIDNP but it is
closely related to the classical radical pair mechanism [26] in which spin-sorting
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occurs in the radical pair due to isotropic hf interaction. This TNP can either be
detected with time-resolved NMR, or it can be detected in static NMR experiments
if the reaction products of the singlet and the triplet states of the radical pair are
chemically distinguished.

In any case, the system starts from a pure singlet electronic state described by the
following density matrix for a fictitious spin S = 1/2 corresponding to only the ST
manifold:

O‘OZEE—S;, (l)

where E is the identity operator and —S, is the operator representing the singlet state
of the fictitious electron spin [20]. The triplet state is represented by +S.
When the radical is born, the radical pair Hamiltonian is described by:

Hst, = AQS. + oI, + AS.I. + B..S.I; + B, S.I, — dS.,, (2)

where the AQ is the difference of the electron Zeeman interactions of the two
electron spins, «y is the nuclear Zeeman interaction, A,, represents the secular hf
coupling and B, and B,, are the pseudosecular hf couplings and d = 2J + d’ is the
total coupling between the two electron spins, with J the exchange coupling and d’
the dipole—dipole coupling.

The lifetime of the radical pair depends on the singlet and triplets decay rates
from the singlet and triplet branch as described in Fig. 1. The singlet state of the
radical decays to the ground state in 20 ns, while the triplet state of the radical
decays to the molecular triplet state of the donor in 1 ns. TNP is the polarization in
RCs that is stored in the electronic ground state via the singlet decay branch. The
NMR signals of nuclei of RCs with a triplet donor are broadened beyond detection.

Intersystem crossing in the radical pair state is computed by propagating the
density matrix according to

Os,T, = e—iHSUTOIGO e+iHSUT0’. (3)

In the ground state, all interactions except for the nuclear Zeeman interaction

vanish due to extinction of the electron spins, so that the Hamiltonian is given by:

HGS = (U111~ (4)

The part of the density matrix that decays to the ground state via the singlet (o)

is projected out as described in ref. [24] using projection operators for the fictitious
spin [19], stored and propagated according to:

os(t) = e Ml gy e D!, (5)

Nuclear polarization occurring in the TNP is therefore related to the singlet part
of the density matrix by:

—iHpt

np = Tr{Las(t)}, (6)

where t5 is the lifetime of the singlet pair decay.
In the limit of short evolution times in the radical pair state, considerations along
the lines given in ref. [21] suggest that the polarization arising selectively from the

@ Springer



58 E. Daviso et al.

S state (TNP) is linearly proportional to the secular hyperfine interaction. In the
same limit, the orientation average of polarization from the purely anisotropic
secular hyperfine coupling vanishes. Hence, signal intensities are roughly propor-
tional to the isotropic hyperfine couplings a;,, and therefore to local electron spin
densities in atomic s orbitals that contribute to the SOMO [4, 26].

4.4 Simulation-based Assignment of Individual Signals

Due to the proportionality between the local isotropic electron spin densities occurring
in the singlet state of the radical pair and the TNP signal intensities, the initially
observed photo-CIDNP polarization can be used for the assignment of signals.
Therefore, we simulated the isotropic electron spin densities for all nitrogen atoms of
the three cofactors forming the radical pair (Table 1). On the other hand, we use for the
assignments the initial ">N photo-CIDNP MAS NMR spectrum (spectrum D in
Fig. 2), in which the light-induced signals are mainly due to TNP. In order to obtain the
5N chemical shift values and intensities (Table 1), we fitted the experimental
intensities with Lorentz functions on the basis of earlier continuous illumination '°N
photo-CIDNP MAS NMR experiments having better signal-to-noise ratio [4].

Figure 3 compares the resulting simulated TNP spectrum (spectrum A) and the
experimentally observed initial '>N photo-CIDNP MAS NMR spectrum (spectrum
B, identical with spectrum D in Fig. 2). Table 2 contains the chemical shift
assignments from isolated cofactors [32] as well as the new assignments obtained on
RCs from Rb. sphaeroides.

The experimental spectrum shows at around 300 ppm a strong signal
(299.7 ppm) accompanied by a weak one (295.0 ppm). Both signals originate from
the BPheo acceptor. Intensity simulations show that the stronger signal is caused by
N-IV, while the weaker originates from N-II. Such assignment is also in line with

350 300 250 200 150
N chemical shift (ppm)

Fig. 3 A Simulated "N photo-CIDNP MAS NMR spectrum obtained by calculating initial >N photo-
CIDNP intensities (for details, see Sect. 4.3). The calculated signals have been assigned to experimentally
obtained chemicals shifts (Table 2). B Experimental nanosecond laser flash >N photo-CIDNP MAS
NMR spectrum of uniformly '’N-labeled RCs of Rhodobacter sphaeroides R26 obtained with a time
delay of 0 ps between the light pulse and the NMR detection pulse using a 532-nm 8-ns flash (identical
with spectrum D in Fig. 2)
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Table 2 Experimental '°N

15 . 15 -
NMR chemical shifts obtained TUPAC number hl.\;tfhemlcal hl.\;tghemlcdl
from solid samples of isolated shift™ (ppm) shift” (ppm)
BChl a and BPheo a PLNI 191.8 1872
Py-NI 189.3
P; -NII 258.3 261.2
Py-NII 251.0
Py -NIIL 196.9 197.4
Py-NIIT 191.9
P; -NIV 258.3 255.9
IUPAC Internz{tional Un?on of Py-NIV 258.8
Pure and Applied Chemistry
a BPheo- NII 296.1 295.0
* Ref. [32]
b s BPheo-NIV 303.2 299.7
This work

the chemical shift data of the isolated cofactors [32] showing for N-IV a higher ppm
value as for N-IL

The group of signals between 270 and 250 ppm is composed by four signals
composed by the N-II and N-IV nitrogens of P and P);. All signals have rather
similar intensities, unfortunately also the ppm values coincide in the model
compound study [32].

The intensity simulations however suggest that both signals from Py have higher
intensity than those of Py;. The highest signal originates from the N-IV of Py . In the
simulations, the N-II of Py is clearly the weakest of these signals and can therefore
conveniently be assigned to the experimental peak at 251.0 ppm.

Also the group of signals between 200 and 180 ppm is composed of four signals,
originating from N-I and N-III from P and Py The chemical shifts of the isolated
BChl suggest that N-III appears at about 5 ppm higher ppm values than N-I
(Table 2). The strongest signal (197.4 ppm) is clearly assigned to N-III of P and
the second strongest to N-I of Pyy. Due to ppm value and intensity, the weak signal
of N-III of Py is assigned to higher ppm values compared to that of N-I of Py.

The general similarity of the experimental and the simulated spectra suggests that
the anisotropic contributions can indeed be neglected. Deviations of the observed
amplitude between experiment and simulation are also caused by errors in the DFT
computation of hyperfine couplings and uncertainties in the experimentally
determined magnetic parameters of the radical pair (g tensors, dipole—dipole
coupling, exchange coupling).

4.5 Electron Spin Density Distribution Between Py and Py,

Table 1 contains the TNP intensities of all eight donor nitrogens. Using them to
determine experimentally the electron spin density (p) distribution on both cofactors
on the molecular scale (p;/pn), we find a ratio of almost 4:1 in favor of P over Pyy.
This experimental value suggests significantly more asymmetry on the molecular
scale than predicted by the simulations. Also previous steady-state '*C photo-CIDNP
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MAS NMR experiments suggested a much more balanced distribution of 3:2 [8]. The
question arises why time-resolved '°N photo-CIDNP MAS NMR experiments lead to
observation of such unexpected asymmetry.

4.6 Comparison to "’N-ENDOR and ESEEM Experiments

Electron spin densities on the nitrogen atoms of the special pair have also been
measured with various EPR methods as electron-nuclear double resonance
(ENDOR) and electron spin echo envelope modulation (ESEEM). It turned out,
however, that ENDOR on the quadrupole nucleus "N is difficult [45]. For nuclei
having small Larmor frequencies and hyperfine couplings, ESEEM leads to better
results. Initial one-dimensional (1-D) '""N-ESEEM experiments could only detect
four of the eight nitrogen atoms of the special pair [46-52]. A careful study using
different advanced ESEEM techniques, such as hyperfine sublevel correlation
(HYSCORE) spectroscopy [53], allowed observing for the first time all eight
nitrogen positions and obtaining complete sets of their principle values of their
hyperfine tensors. The experimental results obtained at 20 K show that the electron
spin density is on a ratio of 5:1 in favor of the four nitrogens assigned to Py over
those assigned to Py This result is well in line with the results presented above
obtained with >N time-resolved photo-CIDNP MAS NMR at 233 K.

On the other hand, the experimental '"H ENDOR [43], 1SN ENDOR [54] and B¢
steady-state photo-CIDNP MAS NMR data [8] show clearly a distribution of
electron spin density about 2:1 in favor of Pp, which is also in line with the
calculations. Both photo-CIDNP experiments on '*C and '°N have been measured at
the same temperature, suggesting that the difference between the two observations
is not caused by a temperature-dependent effect. Similarly, both experiments have
been done with quinone-depleted samples prepared in the same buffers and using
the same detergents.

One may assume that the difference could also be due to the difference in time
scales of the various experiments. While '*C steady-state photo-CIDNP MAS NMR
data [8] show the distribution of 2:1, 5N laser flash experiments lead to 4:1. The
value of 5:1, however, has been found by 2-D ESEEM also in a sample under
continuous illumination and not under flash-light conditions [53].

Differences between samples frozen under continuous illumination and samples
frozen in the dark are known for the acceptor site [33, 55]. Indeed, continuous
illumination photo-CIDNP MAS NMR has been measured on light-frozen samples,
while laser flash experiments were done on samples frozen in the dark. On the other
hand, these structural effects cannot explain the observed differences in distribution
of electron spin densities because all samples used for ENDOR and ESEEM have
been frozen under illumination.

It is also possible that exclusive consideration of the four nitrogens is too selective
to measure the electron spin density distributions between the entire two cofactors. In
this case, however, the '>N continuous-wave ENDOR experiments [54] also should
have shown a more asymmetric ratio. Future '°C time-resolved photo-CIDNP MAS
NMR experiments obtained under same conditions may provide the full picture at the
atomic resolution and may allow to explain the differences observed.
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5 Outlook

Only a few natural RCs have been studied as extensively as that of the purple
bacterium Rb. sphaeroides. The RCs of the overwhelming majority of photosyn-
thetic organisms have not been isolated and spectroscopically or structurally
characterized. The current canon of RCs shows a great variation of electronic
properties at both, donor and acceptor side. Donors have been found to be
monomers, asymmetric dimers and symmetric dimers [56]. Also the involvement of
the protein matrix in the donor structure has been proposed [12, 15]. Two parallel
branches have been proposed on the acceptor site [57]. For understanding the
principles of light reaction of photosynthesis, one would like to be not dependent on
the small number of RCs which have been found out accidentally to be easy to
grow, to isolate, to label or to crystallize. A robust method to analyze electronic
structures of various RCs without sophisticated sample preparation is required.

It has been shown that high-quality photo-CIDNP data can be obtained from
membrane-bound RCs [12] and even cells [9]. Hence, even if an RC isolation is not
feasible, photo-CIDNP MAS NMR still can be applied. In this paper, it also has
been demonstrated that from uniformly '’N-labeled RCs, a detailed analysis of the
electronic structures as well as of the kinetics of the photochemical machinery is
possible. Since uniform '°N labeling is rather easy to achieve, photo-CIDNP MAS
NMR on uniformly '°N-labeled and reduced membranes and cells may provide an
option for fast screening of functional properties of RC from various photosynthetic
organisms.
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