Journal of Magnetic Resonance 298 (2019) 64-76

Journal of Magnetic Resonance

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jmr ==

Assignment of NMR resonances of protons covalently bound to
photochemically active cofactors in photosynthetic reaction centers

Check for
updates

by '3C-'H photo-CIDNP MAS-]-HMQC experiment
Pavlo Bielytskyi ¢, Daniel Grising %, Stefan Zahn ", Kaustubh R. Mote ¢, A. Alia “¢, P.K. Madhu ¢, Jérg Matysik **

A Institut fiir Analytische Chemie, Universitdt Leipzig, LinnéstrafSse 3, D-04103 Leipzig, Germany

b Leibniz Institute of Surface Engineering (IOM), Permoserstrae 15, D-04318 Leipzig, Germany

CTIFR Centre for Interdisciplinary Sciences, Tata Institute of Fundamental Research, 36/P Gopanpally Village, Serilingampally Mandal, Ranga Reddy District, Hyderabad 500107, India
dLeiden Institute of Chemistry, Leiden University, Einsteinweg 55, 2301 RA Leiden, the Netherlands

¢ Institut fiir Medizinische Physik und Biophysik, Universitdt Leipzig, Hdrtelstr. 16-18, D-04107 Leipzig, Germany

ARTICLE INFO

Article history:

Received 2 November 2018

Revised 27 November 2018
Accepted 28 November 2018
Available online 29 November 2018

Keywords:

MAS-J-HMQC
MAS-J-HSQC

HETCOR

Solid-state photo-CIDNP
Bacterial reaction center

ABSTRACT

Modified versions of through-bond heteronuclear correlation (HETCOR) experiments are presented to
take advantage of the light-induced hyperpolarization that occurs on '>C nuclei due to the solid-state
photochemically induced dynamic nuclear polarization (photo-CIDNP) effect. Such >C-'H photo-
CIDNP MAS-J-HMQC and photo-CIDNP MAS-J-HSQC experiments are applied to acquire the 2D *C-'H
correlation spectra of selectively '*C-labeled photochemically active cofactors in the frozen quinone-
blocked photosynthetic reaction center (RC) of the purple bacterium Rhodobacter (R.) sphaeroides wild-
type (WT). Resulting spectra contain no correlation peaks arising from the protein backbone, which
greatly simplifies the assignment of aliphatic region. Based on the photo-CIDNP MAS-J-HMQC NMR
experiment, we obtained assignment of selective '"H NMR resonances of the cofactors involved in the
electron transfer process in the RC and compared them with values theoretically predicted by density
functional theory (DFT) calculation as well as with the chemical shifts obtained from monomeric cofac-
tors in the solution. We also compared proton chemical shifts obtained by photo-CIDNP MAS-]J-HMQC
experiment under continuous illumination with the ones obtained in dark by classical cross-
polarization (CP) HETCOR. We expect that the proposed approach will become a method of choice for
obtaining 'H chemical shift maps of the active cofactors in photosynthetic RCs and will aid the interpre-
tation of heteronuclear spin-torch experiments.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Heteronuclear multidimensional

pockets [7,8], and electronic structures of amino acids [9,10]. The
HETCOR approach is based on the transfer of nuclear polarization

correlation spectroscopy
(HETCOR) [1-3] allows for elucidating molecular structures rang-
ing from small organic molecules to polymers and complex biolog-
ical systems, both in liquid and solid states. The most common
variant of this approach is a 2D 'H-X HETCOR, in which the corre-
lations between the chemical shifts of protons and '3C, °N or other
nuclei are established. Apart from a molecular structure elucida-
tion, such experiments could be used to obtain information about
the hydrogen bonding networks [4], water-protein interactions
[5,6], interactions between proteins and cofactors in their binding
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between different nuclei either through bonds or through space.
In liquid-state NMR, the well-known INEPT technique [11] became
an essential building block in many pulse sequences to establish
through-bond connections by means of J-couplings. In solid-state,
the transfer is traditionally performed exploiting heteronuclear
dipolar couplings via cross-polarization (CP) [12]. The solid-state
scalar-based experiments were not practical for a long time due
to the presence of a strong homonuclear 'H-'H dipolar couplings
leading to line broadening and fast transverse relaxation times.
With advances in fast MAS and homonuclear decoupling tech-
niques, the liquid-type J-based experiments emerged also in
solid-state NMR [13-16], thus improving the selectivity of the
heteronuclear transfers and becoming a necessary tool for the
structural investigation of solid-state compounds. However, as is
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common in NMR spectroscopy, such experiments suffer from low
sensitivity caused by unfavorable nuclear Boltzmann polarization
at thermal equilibrium. Partially this issue could be addressed in
the context of indirectly-detected HETCOR experiments, in which
low-v nuclei are detected via high-y 'H nucleus [17-20]. While
such an approach indeed widened the practical use of 2D correla-
tion spectroscopy, further sensitivity gains are still needed for
investigation of a wider span of samples. To overcome the issue
of low sensitivity, a range of nuclear hyperpolarization methods
has been developed over the years, in which a non-Boltzmann
nuclear spin-order is induced by physical or chemical means
[21], which also increases the range of possible 2D HETCOR appli-
cations. Thus, for example, surface-enhanced NMR by dynamic
nuclear polarization (DNP) allows the application of 2D HETCORs
for characterization of the functionalized hybrid materials, previ-
ously challenging for NMR investigations [22-25]; heteronuclear
transfers of photochemically induced dynamic nuclear polarization
(photo-CIDNP) could be implemented in the context of HETCOR
experiments in liquids for studying amino acids, peptides and pro-
teins in solutions, [26-28], significantly reducing the measurement
times.

Photo-CIDNP MAS NMR, relying on the solid-state photo-CIDNP
effect, is a member of a family of nuclear hyperpolarization meth-
ods. Since its discovery in reaction centers (RCs) from photosyn-
thetic bacteria Rhodobacter (R.) sphaeroides [29], it has been
observed in all natural photosynthetic RCs studied so far [30-33],
and also in a blue-light photoreceptor, the phototropin mutant
LOV1-C57S [34]. In these systems, solid-state photo-CIDNP
builds-up during the evolution of the light-induced spin correlated
radical pair (SCRP) under the effect of up to three different solid-
state mechanisms [35], which have been recently re-interpreted
in the concept of level crossings and anti-crossings [36]. Combina-
tion of the solid-state photo-CIDNP effect with MAS NMR serves as
an analytical tool for studying the electronic structures of photo-
synthetic cofactors in complex photosynthetic machineries (for
review, see [37]). Thus, the molecular electronic structures of
cofactors forming the primary SCRP can be resolved in the elec-
tronic ground state, the charge separated state, as well as the
molecular triplet state [38-40].

Recently, we proposed a novel application of the solid-state
photo-CIDNP MAS NMR in the context of a heteronuclear spin-
torch experiments [41]. In this concept, the light-induced hyperpo-
larization generated by the solid-state photo-CIDNP effect on '3C or
15N nuclei of photosynthetic cofactors is transferred to the near-by
proton environment by inverse cross polarization resulting in a 2D
X-1H HETCOR experiment. We expect that such an approach will
have a potential to become a tool for exploring the proton environ-
ment around the photosynthetic cofactors to understand its role in
tuning their properties. However, in order to spot the potential
intermolecular transfers of polarization from the cofactors into
the surrounding protein pocket, the map of the NMR responses
from the protons directly bonded to the cofactors needs to be
established first. The complexity of the previously obtained 2D
13C-"H correlation spectra caused by overlapping proton lines
and low dispersion of the '3C resonances from the special pair in
the indirect dimension complicated the process of establishing
such a map. In the present study, we combine the selectivity pro-
vided by the scalar-based HETCORs with the sensitivity offered by
the solid-state photo-CIDNP effect. As demonstrated, such a '3C to
H transfer of light-induced polarization via J-couplings allows us
to rationalize the chemical shifts of protons covalently bound to
the active cofactors in selectively '>C-labeled RCs of R. sphaeroides
WT through photo-CIDNP MAS-]-HSQC and photo-CIDNP MAS-]J-
HMQC experiments.

2. Materials and methods
2.1. Sample preparation

The selective '3C labeling of the BChl a and BPhe a cofactors in
the reaction center of R. sphaeroides WT was achieved by growing
bacteria under anaerobic conditions in a medium containing 3-, 4-
or 5-13C-8-aminolevulinic acid (3-ALA, 4-ALA, 5-ALA, respectively),
as described earlier [3842]. The selectively labeled '3C-&-
aminolevulinic acid (99% '3C enriched) were purchased from Cam-
bridge Isotope Laboratories. The position of 13C labels in different
samples is presented in Fig. 1. The extent of '>C incorporation
has been determined as described previously [38]. The total level
of incorporation of the 3C label in BChl/BPhe was 60% (+5%). Isola-
tion of the RCs was carried out following established protocol [43].
The quinones were removed by incubating the RCs at a concentra-
tion of 0.6 UM in 4% LDAO, 10 mM o-phenanthroline, 10 mM Tris
buffer, pH = 8.0, containing 0.025% LDAO and 1 mM EDTA [44].

2.2. NMR spectroscopy

Photo-CIDNP MAS NMR experiments were performed at 9.4 T
(400MHz 'H Larmor frequency) AVANCE III spectrometer
equipped with a 4-mm double resonance MAS probe (Bruker,
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Fig. 1. The biosynthetic pathway for the formation of selective '*C-labeled BChl a
by feeding R. sphaeroides WT with (a) 3-'>C--aminolevulinic acid (3-ALA) (b) 4-13C-
8-aminolevulinic acid (4-ALA) and (c) 5-'>C-8-aminolevulinic acid (5-ALA), simpli-
fied for clarity. Colored circles represent the positions of '*C isotope labels. The
cofactor of BPhe a has an identical labeling pattern. The numbering of carbon atoms
is according to the IUPAC convention.
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Karlsruhe, Germany). Approximately 5 mg of '3>C-labeled RC com-
plexes embedded in LDAO micelles were loaded into transparent
4-mm sapphire rotors. The samples were frozen in the dark at slow
spinning frequency of 400 Hz to ensure a homogeneous sample
distribution against the rotor walls [45]. After freezing, the stable
sample temperature of 247 K was maintained by a temperature
control unit. The spinning frequency of 7518 + 10 Hz was regulated
by a pneumatic control unit. The idle time of several hours prior to
the NMR experiments was needed to equilibrate the temperature
of the probe electronics in order to stabilize the 'H radio frequency
circuit. The stable "H wobble curve is crucial as its unaccounted
shift might lead to errors during the calibration of the 'H chemical
shift axis. Illumination of the sample was achieved by using the
continuous illumination setup [46,47]. It comprises a 1000-W
xenon-arc lamp with collimation optics, a water filter and glass fil-
ters, a focusing element and a light fiber bundle. The xenon arc
lamp emits a sunlight-like spectrum covering a wide range of fre-
quencies from the UV to the IR. The water filter cuts off the IR fre-
quencies and prevents the disturbance of the spinning speed
counter, working in the near-IR region. The UV part of the emission
spectrum is removed by a set of glass filters. A fiber bundle is used
to transfer the radiation from the collimation optics to the sample.
A mechanical shutter is incorporated into the setup to assure a
defined illumination time. Optimized 'H and '3C 90° pulse lengths
were 2.5 and 3.0 ps, respectively. The *C NMR spectra were refer-
enced to the COOH response of solid L-tyrosine hydrochloride at
172.1 ppm. The data were processed with Bruker TopSpin 3.2
and plotted with MNova 12 (Mestrelab Research, S. L. Santiago
de Compostela, Spain).

2.3. Optimization of homonuclear decoupling

During heteronuclear transfer delays t and v (see Fig. 2), and

Goldburg homonuclear decoupling (PMLG5-S2) [48,49] was imple-
mented. Each PMLG5 block consisted of 10 pulses with the follow-
ing phases: 339.22°, 297.65°, 256.08°, 214.51°, 172.94°, 352.94°,
34.51°, 76.08°, 117.65°, 159.22° (m5m shape in TopSpin 3.2
library). A consecutive PMLG5 block was then repeated with 180°
phase shift to complete S2 supercycle. The PMLG5 'H pulse length
of 1.33 ps, RF amplitude of 88 kHz and 4000 Hz 'H offset during
homonuclear decoupling were used which were optimized by
observing the J-splitting in adamantane powder by using a
PMLG5-S2-decoupled CPMAS experiment, and further fine-
optimized by monitoring the splitting between the methylene pro-
tons of natural abundance solid glycine in the indirect dimension
in 'H{PMLG5-52}-'"H{wPMLG5-52} homonuclear correlation
experiment [50]. The scaling factor of 0.32 was then calculated
by dividing the observed difference between the center of the
methylene signals and the NHj3 signal in the indirect dimension
to the expected difference of 4.84 ppm. The appropriately scaled
'H indirect dimension was referenced by assigning the midpoint
of two methylene proton peaks of solid glycine to 3.52 ppm.
Swept-frequency two-pulse phase-modulation (SW¢TPPM)
heteronuclear decoupling [51] with 100 kHz RF amplitude was
used during the '3C acquisition.

2.4. 2D HETCOR experiments

The t and v’ delays (see Fig. 2) were optimized directly on the
sample of interest by finding the best signal intensity through 1D
MAS-J-HMQC and 1D MAS-]J-HSQC-edited experiments. The T delay
was synchronized to be an integer number of rotor periods with
the smallest rotor-synchronized increment At = At =133 pus. The
optimized t delays were 1.86 ms in photo-CIDNP MAS-J-HMQC
and T=1"=0.93 ms in photo-CIDNP MAS-J-HSQC experiments on
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Fig. 2. Pulse sequences used to obtain selective NMR chemical shifts of 'H nuclei covalently bound to '*C of photochemically active cofactors in frozen photosynthetic RC. (a)
2D photo-CIDNP MAS-J-HMQC pulse sequence comprises the MAS-J]-HMQC experiment with the direct 90° 13C excitation pulse instead of CP block and modified phase cycle:
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—X +X —y +y +y —y. (b) 2D photo-CIDNP MAS-J-HSQC pulse sequence comprises the proton detected HSQC experiment with initial excitation and detection on 3C channel,
and is based on two INEPT transfers: from '*C to 'H and then from 'H to '*C. The phase cycle is: @1 = +y +y —y —y; 02 = [+X]4 [—X]4; 03 = +X —X; ¢4 = [+X]g [—X]g; Prec = +Y =y -y
+y [~y +y +y —y]» +y —y -y +y. Both sequences start with ~4 s illumination time during which the polarization on selective '>C nuclei builds-up due to the solid-state photo-

CIDNP effect.



P. Bielytskyi et al./Journal of Magnetic Resonance 298 (2019) 64-76 67

The 2D photo-CIDNP spectra were recorded with 64 t; incre-
ments, accumulating 1024 scans in each indirect slice with relax-
ation delay of 4s, resulting in 3 days of experimental time.
Frequency discrimination during the evolution period was
achieved with TPPI [52]. A 45° shifted squared sine bell window
function (qsine SSB =4 in TopSpin) was applied in the indirect
dimension, and further zero-filled to 1024 points prior to Fourier
transformation. A 90° shifted squared sine bell window function
(gsine SSB=2) was applied in the direct dimension and zero-
filled to 4096 data points.

2.5. NMR experiments at high magnetic field

High-field NMR experiments were performed at 20 T (850 MHz
'H Larmor frequency) AVANCE III spectrometer equipped with 4-
mm triple resonance MAS probe (Bruker, Karlsruhe, Germany).
The sample was loaded into a 4-mm zirconia rotor, slowly frozen
down to 250K and spun at 12333 +3 Hz MAS frequency in the
dark. Optimized "H 90° pulse length was 3.0 ps. CP was optimized
to satisfy n = +1 Hartmann-Hahn (HH) condition with 80% ramp on
H and 55 kHz '3C lock field, 250 ps contact time was used [53]. 2D
CP HETCOR experiment was recorded with pulse sequence similar
to Fig. S1a with non-supercycled-phase-modulated Lee-Goldburg
homonuclear decoupling (PMLG5) which was used during t; evolu-
tion period; additional 1.82 ps magic-angle (MA) pulses were
applied before and after t; period of homonuclear decoupling to
consider the tilted precession of proton magnetization, which is
not compensated due to the absence of the supercycle. Decoupling
optimization was done on adamantane as described above. PMLG
pulse was 2.1 us with 83 kHz RF amplitude and an offset of
—1500 Hz. The scaling factor of 0.5 was determined by comparing
the experimental J-coupling values (J(CH,)=65.2Hz, J(CH)
=65.7 Hz) with the known J-coupling values [54] of adamantane
in solution (J(CHy)=125.9Hz, J(CH)=131.2Hz). SWgTPPM
heteronuclear decoupling with 83 kHz RF amplitude was used dur-
ing '3C acquisition. The '3C NMR spectra were referenced to the
COOH response of solid L-tyrosine hydrochloride at 172.1 ppm. A
45¢° shifted squared sine bell window function (gsine SSB=4 in
TopSpin) was applied in the indirect dimension, and further zero-
filled to 1024 points prior to Fourier transformation. A 90° shifted
squared sine bell window function (gqsine SSB = 2) was applied in
the direct dimension and zero-filled to 4096 data points.

2.6. Pulse sequences for photo-CIDNP MAS-J-HMQC and MAS-J-HSQC
experiments

Photo-CIDNP MAS-J-HMQC pulse sequence is presented in
Fig. 2a. It comprises previously reported CP MAS-J-HMQC sequence
[13] with a few modifications. It starts with a short delay of ~4 s
during which the sample is illuminated and polarization builds-
up on selective '>C nuclei due to solid-state photo-CIDNP effect.
A defined illumination period is provided with mechanical shutter
triggered via pulse program. "H-to-'3C CP is substituted with direct
90° excitation pulse that creates in-phase '>C magnetization. This
magnetization evolves for a defined time t under the isotropic
scaled heteronuclear Jcy coupling into anti-phase magnetization
for a pair of covalently bound '*C-'H nuclei, while strong "H-'H
dipolar couplings are removed to a certain extent by means of
PMLG5-S2 homonuclear decoupling. The first 90° proton pulse
excites MQ coherences that evolve during period t; under the
scaled proton chemical shift. The second 90° proton pulse converts
MQ into '3C anti-phase coherence which evolves back into
in-phase observable coherence during the second Tt delay.
Appropriate phase cycle ensures filtering out '>C magnetization
that is present at the end of the pulse sequence due to the direct
excitation pulse.

Photo-CIDNP MAS-J-HSQC pulse sequence is presented in
Fig. 2b. It comprises the liquid-state proton detected HSQC exper-
iment [55] with homonuclear 'H decoupling introduced during T,
7 and t; [15] and with initial excitation and detection placed on
13C channel. The pulse sequence starts with a short delay of ~4 s
during which the sample is illuminated and polarization builds-
up on selective 3C nuclei due to solid-state photo-CIDNP effect.
After initial 90° excitation pulse, the magnetization from >C-'H
pair evolves into anti-phase '3C coherence during first T-n-t per-
iod under the effect of scaled Jcy coupling and is converted into
proton anti-phase coherence by the 90° applied on both channels
simultaneously (first INEPT transfer). The single-quantum (SQ) 'H
coherence evolves during the period of t; under the scaled proton
chemical shift and is converted back to '3C anti-phase coherence
by second set of simultaneous 90° pulses (second INEPT). Finally,
during the v-n-7' period the anti-phase '3C coherence evolves
into detectable in-phase '>C magnetization.

3. Results and discussion
3.1. 1D photo-CIDNP MAS-J-HMQC experiments

The standard photo-CIDNP MAS NMR experiment under contin-
uous illumination comprises Hahn-echo pulse sequence and is
described elsewhere [47]. We first performed such experiments
on RCs from R. sphaeroides WT with different 3C isotope labeling
pattern. The spectra obtained under continuous illumination for
3-ALA, 4-ALA and 5-ALA labeled RCs are shown in Fig. 3(b, e, h),
and the corresponding dark spectra in Fig. 3(a, d, g), respectively.
The light spectra consist of series of light-induced signals with
emissive (negative) character, and could be assigned to the
response from '3C labels of the electron donor (two BChl a mole-
cules P; and Py, see Supplementary Fig. S4) and electron acceptor
(BPhe a molecule ®,), forming the SCRP upon light excitation. Such
emissive pattern of light-induced signals has been previously
explained by the dominance of the three-spin-mixing (TSM) mech-
anism over the differential decay (DD) [56] during the evolution of
SCRP. Several absorptive (positive) signals in the aliphatic region
that emerge also on dark spectra are attributed to the signature
of the detergent and the response from the saturated carbons of
the protein.

We then applied the pulse sequence in Fig. 2a to record 1D
photo-CIDNP MAS-J-HMQC spectra of corresponding labeled sam-
ples, and the result is shown in Fig. 3(c, f, i). All spectra contain
notably fewer peaks as compared to standard photo-CIDNP MAS
NMR experiments. Thus, the 3-ALA spectrum consists of several
peaks in the region between 19 and 55 ppm, which correspond
to signals from carbons C-7, C-18, C-8' and C-17' [57]. The 4-ALA
spectrum consists of peaks in the region between 40 and 60 ppm
typical for carbons C-8 and C-17 [38]. Finally, the 5-ALA spectrum
shows signals in the region between 90 and 110 ppm, characteris-
tic of the response from the methine carbons C-5, C-10 and C-20
[58].

The common feature between all the listed carbons producing
signals in 1D photo-CIDNP MAS-]J-HMQC-edited spectra is that
they all have covalently bound protons attached to them. On the
other hand, all signals from quaternary carbons are effectively
silenced, which is the expected outcome from the MAS-J-HMQC
experiment [13]. Indeed, in order for the MAS-J-HMQC experi-
ments to perform, the presence of the scalar Jcy couplings to create
heteronuclear MQ coherences is required. Unlike CP-based dipolar
transfer with moderate contact times, this method yields highly
selective spectra. The absence of undesirable signals from quater-
nary carbons that might arise from the '>C coherences generated
by the direct excitation confirms the effectiveness of the phase
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Fig. 3. '3C photo-CIDNP MAS NMR spectra of 3-ALA R. sphaeroides WT recorded with Hahn-echo pulse sequence (a) in the dark and (b) under continuous illumination as
compared to (c) 1D '3C photo-CIDNP MAS-J-HMQC experiment recorded under continuous illumination. Respective spectra are presented for (d, e, f) 4-ALA and (g, h, i) 5-ALA
R. sphaeroides WT. All spectra were recorded at a magnetic field of 9.4 T and a MAS frequency of 7519 Hz at 247 K with 4 s relaxation delay time and 1024 scans. For photo-
CIDNP MAS-J-HMQC experiments T = 1.86 ms was used. Green frames locate the areas where the signals of protonated '>C emerge. The signals outside the frames originate
from the quaternary carbons. Spinning sidebands are labeled with asterisks. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

cycle. Also, since the recovery of the solid-state photo-CIDNP gen-
erated signals is faster than the T; limit [59], the short recycle delay
times typical for CP-based experiments with 'H excitation, could
be used for the direct excitation of >C nuclei. Within 4 s already
~50% of steady-state photo-CIDNP signal is reached. Thus, 4 s recy-
cle delay time was empirically found to be optimal for majority of
13C photo-CIDNP MAS NMR experiments.

Currently, the photo-CIDNP MAS-]-HMQC experiment provides
~4.5 times lower S/N as compared to a standard photo-CIDNP MAS
NMR. The transfer efficiency in MAS-]-HMQC experiment depends
on the chosen 1 delay, which is different for carbons with different
multiplicity [13]. In all our experiments, the T = 1.86 ms was found
to be the best for all samples to obtain the highest intensity for CH
groups. Additionally, the signal intensity depends on the trans-
verse To'y and To'c relaxation times. During t delays the presence
of 'H-'H homonuclear dipolar couplings leads to a fast decoher-
ence of 'H and '>C magnetization. The combination of fast MAS
and homonuclear decoupling schemes significantly improves the
lifetimes of transverse proton and carbon coherences. In particular,
the PMLGS5 has been proven to be efficient for prolonging the pro-
ton and carbon T, times at high spinning frequencies [16]. While
the supercycled version of PMLG5 provided the longest T’ times,
the non-supercycled variant was reported to be the most efficient
for INEPT-type of transfer [16]. From our experience, the supercy-
cled PMLG5-S2 showed better performance for photo-CIDNP
MAS-]-HMQC experiment. However, we expect that the transfer
efficiency might be further improved by implementing higher
MAS frequencies, which would further prolong the T,y and Ty'c
times due to more efficient averaging of homonuclear 'H-'H

couplings and provide more flexibility in choosing the experimen-
tal parameters while keeping the rotor synchronization of T delays.

Considering that a high-quality 1D '3C photo-CIDNP MAS NMR
spectrum can be obtained by 128 scans in less than 10 min due to
the strong signal enhancement (factors of 10,000-80,000 for '3C)
[37,40], it is possible to obtain an informative 1D photo-CIDNP
MAS-J-HMQC-edited spectrum with 1k scans within ~1 h, which
makes this experiment very applicable for spectral editing and
for assignment of protonated carbons of photosynthetic cofactors.

3.2. 2D photo-CIDNP MAS-J-HMQC experiments and comparison to 2D
photo-CIDNP MAS-J-HSQC

The performance of the carbon-proton 2D photo-CIDNP MAS-]-
HMAQC pulse sequence was first tested on a u-'3C labeled L-alanine
standard sample as compared to other carbon-proton dipolar- and
scalar-based HETCORs. This sample has a fast 3C spin lattice relax-
ation allowing for relatively short recycle delay times in the exper-
iments with direct carbon excitation. The resulting 2D spectra are
presented in the in supporting information as Fig. S2. Overall, the
absence of artifacts and similar performance compared to standard
MAS-J-HMQC sequence was confirmed.

The carbon-proton 2D photo-CIDNP MAS-]-HMQC spectra of 5-
ALA, 4-ALA and 3-ALA labeled RCs are present in Fig. 4(a-c, respec-
tively). The CH and CH, carbons are correlated with their attached
protons whereas the quaternary carbons do not show any cross-
peaks in the F1 dimension, which confirms the high selectivity of
one-bond-type transfers. The design of the experiment allows the
direct detection of '>C resonances in the F2 dimension, thus
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Fig. 4. 2D photo-CIDNP MAS-J-HMQC spectra of (a) 5-ALA (b) 4-ALA and (c) 3-ALA
R. sphaeroides WT recorded under continuous illumination at magnetic field of 9.4 T,
7519 Hz MAS frequency and temperature of 247 K. Each spectrum was recorded
with 4 s relaxation delay, t=1.86 ms, and 64 t; increments accumulating 1024
scans in each indirect slice, resulting in 3 days of measurement time per spectrum.

discrimination between the individual '3C signals originating from
both halves of the special pair and the acceptor is possible, despite
their low spectral dispersion. Notably, since solid-state photo-
CIDNP effect is generated exclusively on the cofactors forming
the SCRP during the electron transfer process, the spectra contain
no correlation peaks arising from the protein backbone, which greatly
simplifies the assignment of aliphatic region. This in particular is
important for assignment of 3-ALA and 4-ALA RCs, whose proto-
nated carbons generate the signals in the region between 15 and

60 ppm and otherwise would have been hidden under the strong
aliphatic backbone response. Such overlap could not be otherwise
resolved even with classical CP-MAS-J-HMQC, which still generates
1-bond CH correlations for aliphatic carbons in the upfield region
[15]. The common approach to suppress the natural abundance
background signals would be application of double-quantum fil-
ters [60,61]. However, this would imply significant loss of signal
intensity and the need of presence of homonuclear '*C-'3C pairs
in the labeled pattern, which is not feasible in the current strate-
gies for labeling of photosynthetic cofactors with ALA.

Despite the discussed advantages, the MAS-]-HMQC sequence
might suffer from the presence of unresolved homonuclear
carbon-carbon couplings, which are active on MQ coherences. This
includes the scalar Jcc couplings in excitation and reconversion
blocks and residual homonuclear '*C-'3C dipolar couplings during
ty, both leading to the attenuation of the signal and broadening of
the proton lines in F1 dimension for MAS-]-HMQC. On the other
hand, these couplings do not affect SQ coherences. It was reported,
therefore, that the MAS-J-HSQC experiment has an advantage over
MAS-]-HMQC for fully labeled samples [14,15]. While in 3- and 4-
ALA labeling patterns, all 'C labels are isolated and therefore
should not be affected by homonuclear '*C-'3C couplings, the 5-
ALA RC has several 3C pairs in the proximity of a single bond. Thus,
the signals from protonated C-5 and C-10 were expected to
improve by implementing the MAS-]-HSQC approach. The photo-
CIDNP MAS-]J-HSQC spectrum of the 5-ALA RC recorded with the
pulse sequence shown in Fig. 2b is presented in Fig. 5a. As in the
case of photo-CIDNP MAS-J-HMQC, the spectrum is of high selec-
tivity. The correlation peaks are grouped in the F2 dimension
between 90 and 110 ppm, exactly the region of the feedback from
protonated carbons C-5, C-10 and C-20. However, by closer inspec-
tion of the spectrum, it is possible to recognize that some peaks are
missing, which on the other hand are present in the photo-CIDNP
MAS-]-HMQC spectrum of 5-ALA RCs. The comparison of proton
traces extracted from the F1 dimension for protonated C-5 (that
also has a proximate '3C label, C-4) and isolated C-20 in both
photo-CIDNP MAS-J-HMQC and photo-CIDNP MAS-J-HSQC experi-
ments is presented in Fig. 5(b and c). Unlike the case for u-'3C L-
alanine, where we indeed observed the better performance of
MAS-]-HSQC sequence over MAS-J-HMQC in terms of proton line-
widths and signal intensity, the signal intensity from both protons
H-5 and H-20 in 5-ALA sample is weaker in photo-CIDNP MAS-]J-
HSQC. Also, there is no significant improvement of the linewidths:
while being comparable for proton H-20, the line for proton H-5 is
actually broader in case of photo-CIDNP MAS-J-HSQC.

Overall, regardless of the slightly poorer performance, the >C-
to-'H INEPT type of transfer of light-induced hyperpolarization in
frozen protein was proven to be feasible and therefore could be
used as a building block in the photo-CIDNP MAS-J-HSQC and other
types of experiments. However, in the present study, photo-CIDNP
MAS-]-HMQC proved to be more robust as it has fewer pulses and
less sensitive to pulse imperfections, and therefore it was used
throughout the work for signal assignments.

3.3. Assignment of 'H resonances in 5-, 4- and 3-ALA labeled RCs

The expansions from the 2D photo-CIDNP MAS-]-HMQC spectra
of 5-, 4- and 3-ALA R. sphaeroides WT are presented in Fig. 6(a-c,
respectively). We start with the assignment of the signals from
the 5-ALA RC sample. The assignment of '3C signals of this labeling
pattern was performed previously based on RFDR photo-CIDNP
[42,62] as well as 2D photo-CIDNP '3C-13C INADEQUATE [58]. In
the 5-ALA pattern there are three protonated carbons: C-5, C-10
and C-20. Given that three cofactors are responsible for generation
of the solid-state photo-CIDNP effect, namely P;, Py; and ®,,
we expect to find 9 correlation peaks in 2D photo-CIDNP
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Fig. 5. (a) 2D photo-CIDNP MAS-J-HSQC spectrum of 5-ALA R. sphaeroides WT recorded using pulse sequence presented on Fig. 2 b under continuous illumination at magnetic
field of 9.4 T, 7519 Hz MAS frequency and temperature of 247 K. The spectrum was acquired with 4 s relaxation delay and 64 t; increments accumulating 1024 scans in each
indirect slice, T = v = 0.93 ms. 'H traces extracted from F1 dimension of 2D photo-CIDNP MAS-J-HMQC spectrum presented on Fig. 4 a (solid line) and 2D photo-CIDNP MAS-J-
HSQC spectrum (dashed line) for position (b) 20 and (c) position 5. The proton full linewidth at half maximum A is provided for each trace.

MAS-J-HMQC. Surprisingly, close examination of Fig. 6 a reveals at
least 12 correlation peaks. The first 13C peak is located at 94.1 ppm
and has correlation to a proton at 7.9 ppm. Interestingly, this peak
was not observed in the previous works, presumably due to the
low spectral dispersion and low intensity [42]. Nor this peak was
observed in 2D photo-CIDNP '3C-'3C INADEQUATE experiment,
which suggests that it must be C-20 as this is the only isolated
13C label in 5-ALA pattern. Based on the signal intensity, we tenta-
tively assign this correlation peak to C-20/H-20 of ®,. The next
intense '3C peak is located at 95.3 ppm and its correlated proton
at 7.2 ppm. This must be the C-20/H-20 correlation of P;. Next is
the 13C peak at 97.6 ppm with a proton at 7.3 ppm. The correlation
peak is broad and asymmetric and might hide additional signals.
Next group of peaks is rather weak and located between 98.4
and 99.5 ppm. The shoulder at 98.5 ppm might be due to the
response from C-5 of ®,, which was previously unresolved. The
corresponding proton H-5 is located at 7.2 ppm. The signals at
98.7 and 99.5 ppm must be then C-10 of P, and Py, respectively,
with protons at 8.3 and 8.2 ppm. The additional signal at
99.5/6.4 ppm remains unclear. Proceeding further, the '3C signal
at 101.1 ppm has a proton contact at 7.9 ppm allowing for assign-
ment to C-5/H-5 of Py. 3C at 101.5 ppm with proton at 8.3 ppm
must be then C-10/H-10 of ®4. Finally, solely C-20 of Py; is not
assigned, and it might be the signal at 102.5 ppm with the proton
partner at 8.7 ppm. Two remaining '>C peaks at 102.9 and
103.5 ppm have protons at 7.2 and 7.4 ppm. Currently, we cannot
assign them. We assume, that these additional peaks might rise
from another cofactor. In fact, the labelling procedure with &-
aminolevulinic acid results in the RCs in which all bacteriochloro-
phylls and bacteriopheophytins are labeled. This includes the
accessory bacteriochlorophylls B4 and Bg (see Fig. S4). Previous
studies also speculated on the presence of electron spin density
at the accessory Ba cofactor [38,42]. Time-resolved EPR [63] and
optical studies [64] suggested involvement of B, as an intermedi-
ate in the electron transfer from the special pair to ®,. However,
the reported involvement of B, is too short-lived to generate the

solid-state photo-CIDNP polarization on B, since this process is
driven by the hyperfine interaction which needs to operate for at
least tens of nanoseconds. On the other hand, we do not exclude
the possibility that some unassigned signals might indeed origi-
nate from the accessory BChl a that might receive a part of light-
induced polarization due to the natural '3C-'3C spin diffusion from
the special pair. Indeed, in photo-CIDNP DARR experiments corre-
lation peaks between '3C positions located >10 A apart are visible
with 2 s mixing time [65]. Since accessory bacteriochlorophylls
are located in close proximity to the special pair (distances C-10
Pp/ C-10 By ~ 7 A and C-10 P/C-10 By ~ 8 A), possible spin diffu-
sion cannot be ruled out. Hence, the proton signals from 5-ALA
RC are concentrated around ~8 ppm, which is consistent with
our previous observation [41], as well as with the chemical shifts
obtained for monomer BChl a in acetone-d6 [66]. At least 3 signals
located at 99.5/6.4, 102.9/7.2 and 103.5/7.4ppm remain
unassigned.

We now continue to assign the 4-ALA pattern shown in Fig. 6b.
There are two CH groups with carbons C-8 and C-17 present in Py,
Py and ®@,, therefore overall 6 correlation peaks are expected. Our
starting point will be again the '3C assignment in previous works
[38,67]. The '3C signal at 48.3 ppm is correlated to a proton at
3.6 ppm, this must be C-17/H-17 from Py. Additional small peak
located at 41.1/3.8 ppm cannot be clearly assigned presently. The
strong signal at 50.1 ppm is correlated with peak at 4.6 ppm and
can be assigned to C-17/H-17 from P.. The correlation peak is
asymmetric and therefore may contain additional signals that are
not resolved. The '3C signal at 51.4 ppm can be attributed to C-
17 of @4, with corresponding proton H-7 at 3.0 ppm. Next, there
are two signals being close to each other, with positions at 53.1
and 53.4 ppm. Previously, only one carbon C-8 of P; was assigned
for this position. We assume that signal at 53.4 ppm is C-8 of P,
with its proton H-8 at 3.9 ppm. Then, the second peak at
53.1/3.1 ppm remains unassigned. The signal at 54.9 ppm must
originate from C-8 of ®,, and has correlated proton at 4.3 ppm.
As the correlation pattern suggests, there seems to be at least
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one more peak, located at ~55.3/4.0 ppm, which remains unas-
signed. Finally, the signal at 55.9 ppm must be C-8 of Py;, which
has corresponding proton H-8 at 4.2 ppm. In total, we were able
to locate at least 9 signals.

Thus, the H-17 chemical shifts range from 3 to 4.5 ppm, while
the H-8 are grouped between 3.1 and 4.3 ppm. This matches rather
well with our previous assumption that H-8 and H-17 resonate
around 3.7 and 4.4 ppm, respectively [41]. As in the case with 5-
ALA, we spotted three more correlation peaks than expected, at
48.1/3.8, 53.1/3.1 and 55.3/4.0 ppm.

Finally, we discuss the assignment of the signals form the 3-ALA
RC sample. Also this assignment can be based on the '3C reso-
nances identified in previous works [65,68]. The first '>C peak is
located at 19.5 ppm with its proton signal at 2.2 ppm. Preliminary
2D INADEQUATE data (not shown) suggest that signal at 19.5 ppm
might originate from C-8' of P,. Then, the '3C at 29.8 ppm could be
C-8' of Py with its proton H-8! at 1.7 ppm. Such assignment sug-
gests the difference of about 10 ppm in '>C chemical shifts
between C-8! of P, and Py, and requires further investigation. On
the other hand, it was previously reported that the position C-12
(quaternary and therefore not visible in this work) has a difference
of 9.3 ppm between P, and Py, and therefore makes the above
statement probable. The very close peak at 30.0 ppm could as well
originate from C-17' of P, with its proton H-8! at 1.7 ppm. Both
positions C-8! and C-17! are the CH, groups, which were still pos-
sible to observe despite that the t delay was optimized to gain
maximum intensity from the CH groups. Next, the 3C peak at
46.3 ppm must be C-7 of P. with its correlated proton H-7 at
4.2 ppm. Then, the signal at 48.4 ppm with proton at 4.3 ppm
might be C-7/H-7 of Py;. We assign the peak at 49.3 ppm with cor-
related proton at 3.9 ppm to C-18/H-18 of P,. This correlation peak
is rather broad and might contain yet another signal at
49.7/4.1 ppm. This could be the C-18/H-18 response from Py,.
Finally, the '3C signal at 51.1 ppm might be C-18 of ®, with its pro-
ton at 4.0 ppm.

Previously, we assumed that protons H-17! and H-8' resonate
between 1.1 and 2.5 ppm, while H-18 and H-7 around 4 and
3 ppm. This is in agreement with ref [41]. We expect that the
upcoming 2D photo-CIDNP 3C-13C INADEQUATE experiments on
3- and 4-ALA labeled RCs in analogy to ref [58] will allow for an
improvement of the existing assignments of '3C signals which also
might allow for rationalizing the unassigned 'H correlations.

The full assignment of H chemical shifts of Py, Py; and @4 is pre-
sented in Tables 1, 2 and 3, respectively. To support our experi-
mental data, we performed the DFT calculation of 'H chemical

Table 1

shifts based on several models of the special pair. The details about
the calculation procedure as well as the models used can be found
in Supporting information. The obtained theoretical chemical shifts
match rather well the experimental data. Thus, for protons H-8,
H-17, H-18 of both P; and Py; and also H-10 and H-20 of Py, the dis-
crepancy between experimental and theoretical chemical shifts is
<0.5 ppm, while for protons H-7, H-17" of both P, and Py, and
H-5, H-10 of Py this discrepancy is <1 ppm. Considering the error
of the experimentally obtained chemical shifts which is estimated
to be at least £0.5 ppm due to the linewidths and the need to use
the external referencing of '"H ppm scale, we consider the agree-
ment between calculated and experimental shifts as good, which
supports the suggested assignment. The biggest discrepancy
between experimental and predicted proton chemical shift of
1.9 ppm is observed for H-20 of Py, for which we do not have an
explanation at the current moment. We do not exclude, however,
that such discrepancy might be due to the presence of two pheny-
lalanine residues Phe-L180 and Phe-L181 in the proximity to C-20,
which were not accounted in the calculation models. The aromatic
rings of these residues generate ring currents [69] that might affect
the chemical shift of H-20.

We estimated the 'H ring current shifts generated by two BChl a
of special pair on each other, and corrected the experimental
chemical shifts respectively [39]. In this way, we attempted to
compare the proton chemical shifts of BChl a and BPhe a in the
native protein pocket with the isolated molecules in solution.
The previous '3C photo-CIDNP MAS NMR studies showed the
asymmetry in distribution of the electron spin density in the elec-
tronic ground state of the special pair in favor of the Py cofactor
[39]. Such symmetry break was attributed to the internal factors
such as conformation of the special pair rather than the influence
from the external protein surrounding. In particular, the symmetry
break has been shown to be controlled by the intrinsic non-
aromatic substituents [65]. Thus, the side-chain carbons of Pp
showed mainly the up-field shifts as compared to the '3C shifts
obtained in solution. For the side-chain carbons of Py, on the other
hand, mainly the downfield shift was observed. It was concluded
that different folding of aliphatic side-chains has an effect on
attached aromatic system. While the aromatic system of P
receives electron density from its periphery, the electron density
of the aromatic ring of Py, is decreased. In this way, the aliphatic
periphery can stabilize the charge distribution in the excited state,
in which the electron charge is mainly localized on Py. The
described effects are relatively week and result in only minor
deviation of the '>C chemical shifts between the special pair and

Experimentally obtained "H NMR chemical shifts (CS) assigned to Py (cp) as well as theoretically predicted by DFT calculation (G ) including the ring current shifts () with
comparison to monomeric BChl a measured in acetone-d6 (cy;q) and as solid aggregates (Oss). Respective differences (A) in chemical shifts of P after the subtraction of the

estimated ring currents (Gc,) and chemical shifts obtained in acetone-d6.

Atom Ne 'H chemical shift, ppm
CS (BChl a) CS (Py) this Ring current Corrected CS Calculated(ocac)” Difference
literature® work (op)” shift (o))" (Ocor = OpL—Oirc) A =(Ccor—Cliq)
cjliq Oss

5 8.81 6.75 7.3 -2.6 9.9 6.6 1.1

10 8.40 5.50 8.3 0.1 8.2 7.6 -0.2

20 8.36 5.89 7.2 0.1 71 9.1 -1.3

7 424 3.06 4.2 -0.1 43 5.1 0.1

8 4.03 217 3.9 -0.2 41 4.1 0.1

17 3.92 245 4.6 0.2 4.4 4.4 0.5

18 432 245 3.9 0.3 3.6 3.8 -0.7

8! 2.08 0.96 2.2 0.6 1.6 2.6 -0.5

17! 2.37 0.96 1.7 0.4 1.3 2.5 -1.1

3 Data according to [66] obtained from [u-'3C-'>N] BChl a in acetone-d6 (o) and solid aggregates (Gss).

b The estimated error is about +0.5 ppm.
¢ Based on model M (Fig. S3a and Supplementary Table S1).
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Table 2

Experimentally obtained 'H NMR chemical shifts (CS) assigned to Py (Gpy) as well as theoretically predicted by DFT calculation (G.ic) including the ring current shifts (o) with
comparison to monomeric BChl a measured in acetone-d6 (Giq) and as solid stacks (o). Respective differences (A) in chemical shifts of Py after the subtraction of the estimated

ring currents (Gcor) and chemical shifts obtained in acetone-d6.

Atom Ne 'H chemical shift, ppm
CS (BChl a) CS (Py) this Ring current Corrected Calculated (Gcac)” Difference
literature® work(cpy)” shift(o)" CS (Gcor = OpM—Orc) A =(Ccor—Oliq)
Cliq Oss

5 8.81 6.75 7.9 -14 93 7.3 0.5

10 8.40 5.50 8.2 0.3 7.9 8.3 -0.5

20 8.36 5.89 8.7 -0.6 9.3 8.2 0.9

7 4.24 3.06 43 0.4 3.9 5.1 -0.3

8 4.03 217 42 0.1 4.1 45 0.1

17 3.92 2.45 3.6 0.0 3.6 4.1 -03

18 4.32 2.45 4.0 0.2 3.8 3.5 -0.5

8! 2.08 0.96 1.7 0.7 1.0 2.5 -1.0

17! 237 0.96 - 0.4 - 3.1 -

3 Data according to [66] obtained from [u-'3C-'>N] BChl a in acetone-d6 (oyq) and solid aggregates (Oss).

b The estimated error is about 0.5 ppm.
¢ Based on model M (Fig. S3a and Supplementary Table S1).

Table 3

Experimentally obtained '"H NMR chemical shifts (CS) assigned to ® (G4a) With comparison to monomeric BPhe a measured in acetone-d6 (oliq) and as solid stacks (Os).

Respective differences (A) in chemical shifts.

Atom Ne H chemical shift, ppm
CS (BPhe a) literature® CS (®p) this work (Gea)” Difference A = (Gga—Giiq)°
6liq Oss
5 9.05 7.04 7.2 -1.8
10 8.66 5.10 8.3 -0.4
20 8.73 5.80 7.9 -0.8
7 435 2.73 - -
8 4.07 2.22 4.3 0.2
17 3.99 2.73 3.0 -1.0
18 441 245 - -
8! 2.07 1.2 - -
17! 24 - - -

2 Data according to [66] obtained from [u-'3C-'*N] BPhe a in acetone-d6 (Giiq) and solid aggregates (Gss).

b The estimated error is about +0.5 ppm.

monomeric cofactor in solution [65]. It is expected that the protons
are less sensitive to such differences in local electron spin density.
Indeed, for atoms with p-orbitals, such as carbon, the paramagnetic
contribution to the nuclear chemical shift is usually the dominant
term. Thus, an increased electron density at the carbons causes
electronic repulsion and expansion of bonding orbitals, which in
turn increases the distance of the 2p electron density from the
nucleus. As a result, the chemical shift moves up-field due to
reduced paramagnetic shielding. For proton, on the other hand,
that has only one s-electron, the diamagnetic shielding effect is
the dominant. Thus, provided that all contributions to proton
chemical shift, such as ring currents, charge effects, magnetic ani-
sotropy etc. remain constant, solely the variation of electron den-
sity on p-orbitals of adjacent carbon neighbors should not affect
the proton chemical shifts. Indeed, it appears that the differences
between the majority of the observed chemical shifts of the special
pair are <1 ppm as compared to the monomeric BChl a (see A in
Tables 1-3). Such small differences are already at the border of
the error in determining the 'H chemical shifts in solid-state
NMR. In the present study, we are limited to the proton positions
5,10, 20, 7, 8, 17, 18, 8! and 17! due to the specificity of the 'C
labeling procedure, thus the periphery is represented by positions
7,8,17,18, 8! and 17!, for which the disturbance of '3C chemical
shifts did not exceed 3-4 ppm [65], thus the effect on 'H is
expected to be negligible. Moreover, even at the position 8!, reas-
signed in this work, for which the experimental '3C chemical shifts
between P, and Py, differ by 10 ppm, H-8! P, and Py, differ by only

0.5 ppm. The only significant difference between P, and Py was
spotted for position H-20, for which we do not have explanation
at this moment.

While we expect that the rest of protons that were not observed
in the present work should not be disturbed and significantly differ
between two halves of the special pair, more data on 'H chemical
shifts from positions 2!, 32, 82, 121, 172 from the periphery of the
cofactors would be needed to make a final conclusion. For that,
the photo-CIDNP MAS-J-HMQC experiment on uniformly labeled
u-ALA RC [68] will have to be recorded.

3.4. Comparison of “dark” and “light” HETCOR on 5-ALA R. sphaeroides
WT

Finally, to compare the performance of photo-CIDNP MAS-J-
HMQC and classical CP HETCOR sequence, we recorded the CP HET-
COR spectrum of 5-ALA R. sphaeroides WT in the magnetic field of
20T in the dark. As was mentioned before, the isotopic labeling
procedure with the use of ALA results in the RCs in which all BChls
and BPhes are labeled, that include accessory bacteriochlorophylls
B and Bg, the CP HETCOR obtained in the dark could aid the iden-
tification of unassigned peaks discussed above.

The corresponding spectrum of 5-ALA R. sphaeroides WT is pre-
sented on Fig. 7a. The multiple '3C signals between 10 and 70 ppm
are the responses from the saturated carbons of the protein as well
as the signal from the detergent, with the correlated proton reso-
nance between —1 and 4 ppm. The '3C signals around 120 ppm
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Fig. 7. (a) An overlap of 2D CP HETCOR of 5-ALA R. sphaeroides WT recorded at magnetic field of 20 T at temperature of 250 K and MAS frequency of 12333 Hz in the dark with
CP contact time of 250 ps (black contours) and photo-CIDNP MAS-J-HMQC recorded under continuous illumination (red contours) with white light at magnetic field of 9.4 T at
temperature of 247 K and MAS frequency of 7519 Hz. The intensities of the sums of 1D projections presented out of scale. Spinning sidebands are labeled with asterisks. (b)
Expansion of the area around 100 ppm, corresponding to the feedback from methine carbons C-5, C-10 and C-20. Blue crosses indicate assumed correlation peaks in dark
spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

are due to the aromatic residues of the protein, with corresponding
aromatic protons resonating around 7 ppm. The strong signal
around 175 ppm is a cumulative signal from the amide carbonyls
in the protein, with respective correlations to Hy, at ~4 ppm to
the backbone amide protons at ~8 ppm. Finally, weak '3C signals
between 92 and 106 ppm are the responses from the methine car-
bons of BChl a and BPhe a cofactors, namely the labeled position C-
5, C-10 and C-20, with the corresponding protons that resonate at
around 8 ppm. The overlap of “dark” CP-based HETCOR and “light”
photo-CIDNP MAS-J-HMQC demonstrates advantage of the latter
approach due to high selectivity of obtained spectra: while classi-
cal CP HETCOR approach contains NMR feedback from 6 almost
identical cofactors, the solid-state photo-CIDNP effect is generated
exclusively on the cofactors that form the SCRP. Moreover, the
selective signal enhancement ensures the absence of the strong
signals belonging to the protein side chains, which would other-
wise overlap with the 3C and 'H signals of labeled BChl a and BPhe
a, especially in the case of 4-ALA and 3-ALA labeled RCs with their
carbon resonances between 20 and 50 ppm and proton between 1
and 5 ppm.

Close examination of the spectral region around 100 ppm
(Fig. 7b) allows to locate at least 16 signals out of 18 expected, gen-
erated by '3C labels at positions C-5, C-10 and C-20 of P, Py, ®a, g,
Ba and Bg. The general trend in the positions of 'H signals in light
and dark experiments seems to hold within the experimental error.
In particular, correlation signals previously assigned to C-5/H-5
and C-20/H-20 of Py, Py; and ®, match very well in both experi-
ments, which allows for assuming that there are no evident
light-induced changes in the close electronic environment around
these positions. This would match with previous '>C RFDR NMR
experiments that did not show light-induced changes on the '3C
chemical without and with illumination, thus suggesting that elec-
tronic structure around the labeled '3C atoms is not altered by illu-
mination, and therefore the protein does not undergo noticeable
structural changes during the photoreaction [38,42].

Comparison of the two spectra reveals that unassigned signal at
103.5/7.4 ppm from the light-induced 5-ALA spectrum has a clear
partner on the dark spectrum at 103.7/7.4 ppm; the signal at
102.9/7.2 ppm could be a part of a 102.6/7.9 ppm; finally, the peak
at 99.5/6.4 ppm could be either a part of the proximate correlation
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at 99.1/7.0 or one of the missing peaks due to weak intensity. Over-
all, such tentative comparison does not rule out the possibility that
the unassigned signals present on light-induced spectra might
originate from one of the labeled cofactors that does not partici-
pate in the evolution of SCRP and receives part of the polarization
due to the spin diffusion. Experiments at high MAS frequency are
expected to alter efficiency of spin diffusion and therefore might
help resolving this assumption. In future, precise '>C assignment
of dark spectrum will be carried out based on high-resolution 2D
13C-13C homonuclear correlation experiments. We expect that
the accessory BChls could be potentially discriminated from the
special pair as the chemical shifts of accessory B, and By are less
influenced by the ring current effects as compared to P. and Py
located only ~3.4 A apart. Moreover, the *C chemicals shifts of
accessory BChls are not expected to be disturbed by the symmetry
break and therefore should be more comparable to the '>C chemi-
cal shifts of monomeric BChl a in solution. The discussion on the
origin of unresolved signals observed in labeled RCs will be contin-
ued in our upcoming work.

4. Conclusions

In the present study, we demonstrated the feasibility of the
transfer of light-induced hyperpolarization occurring on selective
13C nuclei of photosynthetic cofactors to covalently bonded pro-
tons via J-coupling in the form of heteronuclear solid-state
photo-CIDNP experiments, both MQ and SQ based. The photo-
CIDNP MAS-J-HMQC experiment was proven to be robust and
efficient for mapping the proton chemical shifts of the electron
donor-acceptor pairs in selectively '*C-labeled RCs of R. sphaeroides
WT. We were able to resolve chemical shifts from all protons
covalently bound to !3C labels of active cofactors in 3-, 4- and
5-ALA labeled RCs. Additionally, more correlation peaks in 5- and
4-ALA patterns were spotted and attributed to the feedback from
a third labeled molecule, presumably accessory bacteriochloro-
phyll a that does not participate in the evolution of SCRP and
receives the nuclear spin polarization from the special pair due
to the natural spin diffusion. The clear advantage of this approach
as opposed to the classical CP HETCOR is the selectivity of obtained
spectra. Thus, the signals arising exclusively from the cofactors
participating in the electron transfer chain are detected, which
greatly simplifies the assignment. In particular, the assignment of
3-, 4-ALA patterns, whose '3C and 'H chemical shift are located
in the aliphatic region, was possible.

The obtained map of proton chemical shifts map will be used to
discriminate between intra- and intermolecular transfers of light-
induced hyperpolarization in heteronuclear spin-torch experi-
ments [41] and to locate the potential transfers into the protein
pocket of the RCs from R. sphaeroides WT. While the solid-state
photo-CIDNP effect has been observed in all natural photosynthetic
RC studied so far, thus providing the source of the photo-induced
polarization, the photo-CIDNP MAS-]-HMQC experiment can
potentially offer fast access to the maps of proton chemical shifts
in other RCs, including plant’s photosystem II.
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