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In the present study, we exploit the light-induced hyperpolarization occurring on 13C nuclei due to the
solid-state photochemically induced dynamic nuclear polarization (photo-CIDNP) effect to boost the
NMR signal intensity of selected protons via inverse cross-polarization. Such hyperpolarization transfer
is implemented into 1H-detected two-dimensional 13C–1H correlation magic-angle-spinning (MAS)
NMR experiment to study protons in frozen photosynthetic reaction centers (RCs). As a first trial, the per-
formance of such an experiment is tested on selectively 13C labeled RCs from the purple bacteria of
Rhodobacter sphaeroides.We observed response from the protons belonging to the photochemically active
cofactors in their native protein environment. Such an approach is a potential heteronuclear spin-torch
experiment which could be complementary to the classical heteronuclear correlation (HETCOR) experi-
ments for mapping proton chemical shifts of photosynthetic cofactors and to understand the role of
the proton pool around the electron donors in the electron transfer process occurring during
photosynthesis.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

NMR spectroscopy is one of the most versatile techniques to
study the structure and dynamics of both organic and inorganic
molecules. However, the main drawback of NMR spectroscopy as
an analytical tool lies in its low sensitivity due to unfavorable
nuclear Boltzmann polarization at thermal equilibrium and lack
of selectivity especially for protons in the solid state. These issues
become more apparent when characterizing large biomolecular
systems such as membrane proteins, where low sensitivity and
low resolution combine to be a great experimental challenge [1].
A range of different methods to increase the NMR sensitivity has
been developed over the years in which a non-Boltzmann spin
order is induced by physical or chemical means [2]. These meth-
ods, often summarized as ‘‘nuclear spin-hyperpolarization meth-
ods”, despite being extremely effective in a wide range of
applications, possess their own weaknesses, whether it is long-
lasting hyperpolarization build-up, short lifetime of the produced
hyperpolarization, occurrence of hyperpolarization only on specific
type of nuclei or its high localization with inability to be used
beyond a particular system. In order to take the most advantage
of the hyperpolarization method in the context of a particular
experiment, hyperpolarization transfers between different nuclei/-
molecules can be implemented. For example, the transfer of hyper-
polarization, produced in a dissolution dynamic nuclear
polarization (DNP) setup, from 1H nuclei to 13C [3,4] and to 15N
[5] allows for much higher polarization factors and greatly reduced
experimental time as compared with direct DNP. Hyperpolariza-
tion produced on 129Xe nuclei by spin-exchange optical pumping
(SEOP) can be used to enhance the polarization of surface 1H nuclei
[6]. Polarization of 15N spins can be achieved by INEPT-based trans-
fer from 1H nuclei in parahydrogen-induced polarization (PHIP) [7]
and signal amplification by reversible exchange (SABRE) tech-
niques [8]. Transfer of hyperpolarization produced by photochem-
ically induced dynamic nuclear polarization (photo-CIDNP) in
liquid phase from 15N to 1H allows to overcome a problem of poor
spectral resolution of conventional liquid-state 1H photo-CIDNP
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experiments, thus opening a new means for studying protein fold-
ing [9].

Photo-CIDNP magic-angle-spinning (MAS) NMR, relying on the
solid-state photo-CIDNP effect, is one of the members of the family
of nuclear spin-hyperpolarization methods. Since its discovery in
1994 by Zysmilich and McDermott [10], it has been developed into
an analytical tool for studying the electronic structures of small
photosynthetic cofactors embedded in huge protein membrane
complexes, since it provides high nuclear spin order that can be
observed as strong signal enhancement (by a factor of 10,000–
80,000 for 13C) by MAS NMR experiments [11]. The effect occurs
in all natural photosynthetic reaction centers (RCs) studied so far
[12,13], and also in a blue-light photoreceptor, the phototropin
mutant LOV1-C57S [14]. In these systems, the spin-correlated rad-
ical pair (SCRP) is formed between electron donor and acceptor
after initial electron transfer upon light excitation. During the life-
time of SCRP, up to three different solid-state mechanisms operate
in parallel for nuclear hyperpolarization build-up [15,16]. Recently,
these mechanisms have been interpreted in terms of level cross-
ings and level anti-crossings concept (LCs and LACs), thus provid-
ing more general description of the occurrence of the effect [17].
The ability to reveal the electronic structures of the cofactors form-
ing the SCRP upon photosynthetic charge-separation allows solid-
state photo-CIDNP MAS NMR to become a unique instrument to
study complex photosynthetic machineries even in membranes
and cells without further isolation [18–20]. The RC of the purple
bacteria Rhodobacter (R.) sphaeroides (the structure presented in
Fig. SI 1) is considered to be paradigmatic for an entire class of
RCs [21]. Successful combination of signal enhancement from
selectively hyperpolarized 13C nuclei with homonuclear correla-
tion experiments allowed for unambiguous signal assignment of
electron donor and acceptor in this bacterial RC [22–24]. On that
basis, the molecular electronic structures of the cofactors forming
the primary SCRP in the electronic ground state, the charge sepa-
rated state, as well as molecular triplet state have been obtained
[25].

The solid-state photo-CIDNP effect can be used in spin-torch
experiments, in which the strongly enhanced 13C polarization is
transferred to the neighboring 13C nuclei in the protein vicinity
around SCRP via natural spin diffusion. Photosynthetic RCs are
well-defined systems with constant geometrical constraints and
environment, therefore they are very suitable for studying polar-
ization transfer processes. The spin-torch approach would allow
exploring the protein pocket around the photosynthetic cofactors,
thus going beyond the current application limits of photo-CIDNP
MAS NMR. However, this approach relies on the presence of the
selective 13C isotope labels in the protein pocket [26], which is
not always feasible. The use of 1H as an alternative nucleus, on
the other hand, eliminates this need. Furthermore, direct 1H infor-
mation of the nearby amino acids would be itself a perfect probe to
study the protein environment, such as the protonation state and
the role of the hydrogen-bonding network around the electron
donor in both ground and charge-separated state. Until now, how-
ever, the effect has been observed solely for 15N and 13C nuclei, and
1H photo-CIDNP MAS NMR experiments have failed, unlike the
case of liquids where direct 1H photo-CIDNP NMR is common.
One of the possible explanations for this fact is the strong
magnetic-field dependence of the solid-state photo-CIDNP effect
that puts certain restrictions on the observation field windows
for different nuclei [27]. For solids, direct 1H photo-CIDNP has been
predicted to occur at magnetic fields close to the Earth’s magnetic
field [17,28]. Presently, our shuttle MAS NMR setup [27] is suitable
for the generation of solid-state photo-CIDNP in the stray field of
the NMR magnet in the mT range, and we aim for an extension
towards Earth’s magnetic field. Furthermore, the fast spin diffusion
via the network of strongly coupled protons is expected to dimin-
ish the locality of the generated 1H photo-CIDNP similar to 13C
photo-CIDNP on uniformly 13C-labelled RC [26]. Therefore, further
development of the spin-torch approach was hampered. As the
result, even such extensively studied system as RC from R. sphaer-
oides still lacks comprehensive information about the role of the
protein pocket around the photosynthetic cofactors in tuning their
properties, especially the state of protons under dark and light con-
ditions. Previous studies of the photosynthetic RC from purple bac-
teria with electron paramagnetic resonance (EPR) techniques
suggested the crucial role of the hydrogen-bonding networks
around the electron donor in distributing the electron spin density
on donor radical cation and controlling the oxidative potential
[29,30]. Site-specific mutations resulting in adding or removing
hydrogen bonds between the special pair dimer and surrounding
amino acids showed the alteration of the oxidation potential of
the electron donor [31]. The amino acid environment of the elec-
tron donor of plant photosystem II (PSII) was suggested to control
the unique redox properties [32]. The complexity of the photosyn-
thetic systems and the current limitation in the MAS spinning fre-
quencies for sapphire rotors therefore make standard 1H MAS NMR
experiments very challenging. The heteronuclear spin-torch exper-
iments in which the hyperpolarization created on 13C or 15N nuclei
of the active cofactors is selectively transferred to the protons of
close environment could be an elegant strategy to obtain more
complete information about the functional principles of both the
photosynthetic cofactors and their close protein environment. In
solution state, heteronuclear polarization transfers based on J-
couplings were successfully implemented in the context of
heteronuclear correlation experiments (HETCORs) [9,33–35]. With
advances in the field of 1H detection in solid-state MAS NMR
[36,37], the emergence of similar types of photo-CIDNP experi-
ments is expected to be possible also in frozen photosynthetic
proteins.

In the present study, we demonstrate the possibility to transfer
hyperpolarization generated by the solid-state photo-CIDNP effect
on 13C nuclei to the nearby 1H nuclei in the core of the frozen pho-
tosynthetic RC by inverse cross-polarization (CP). We propose two-
dimensional 13C–1H correlation MAS NMR experiment to study the
proton environment of the SCRP in photosynthetic RCs, thus broad-
ening the range of applications of photo-CIDNP MAS NMR as an
analytical tool.
2. Materials and methods

2.1. Sample preparation

The selective 13C labeling of the BChl a and BPheo a cofactors in
the reaction center of R. sphaeroides WT was achieved by feeding
5-13C-d-aminolevulinic acid (5-ALA), as described earlier [38].
The 5-ALA (99% 13C enriched) was purchased from Cambridge Iso-
tope Laboratories. Isolation of the RCs was carried out following
established protocol [39]. The quinones were removed by incubat-
ing the RCs at a concentration of 0.6 lM in 4% LDAO, 10 mM o-
phenanthroline, 10 mM Tris buffer, pH = 8.0, containing 0.025%
LDAO and 1 mM EDTA [40].
2.2. NMR measurements

All NMR experiments were performed at 9.4 T with an AVANCE
III NMR spectrometer equipped with a 4-mm double resonance
MAS probe (Bruker, Karlsruhe, Germany). Approximately 5 mg of
5-ALA labeled RC complex embedded in LDAO micelles was loaded
into a transparent 4-mm sapphire rotor and inserted into the MAS
probe. The sample was frozen in the dark at slow spinning fre-
quency of 400 Hz to ensure a homogeneous sample distribution
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against the rotor walls [41]. After freezing, the stable sample tem-
perature of 247 K was maintained by a temperature control unit.
The spinning frequency of 8176 ± 10 Hz was regulated by a pneu-
matic 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 1H wobble curve. The
stable 1H wobble curve is crucial as its unaccounted shift might
lead to errors during the calibration of the 1H chemical shift axis.
Illumination of the sample was achieved by using the continuous
illumination setup described previously [16]. It comprises a
1000-W xenon arc lamp with collimation optics, a water filter
and glass filters, a focusing element and a light fiber bundle. The
xenon arc lamp emits a sunlight-like spectrum covering a wide
range of frequencies from the UV to the IR. The water filter cuts
off the IR frequencies 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 bun-
dle 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 1H and 13C 90� pulse
lengths were 2.5 and 3.0 ls, respectively. The 13C NMR spectra
were referenced to the COOH response of solid L-tyrosine
hydrochloride at 172.1 ppm. Appropriately scaled 1H dimension
was referenced by assigning the midpoint of twomethylene proton
peaks of solid glycine to 3.52 ppm.

The data was processed with Bruker TopSpin 3.2 and plotted
with MNova 12 (Mestrelab Research, S. L. Santiago de Compostela,
Spain).
2.3. Windowed detection

Acquisition in analogue mode using windowed version of
supercycled-phase-modulated Lee-Goldburg homonuclear decou-
pling (wPMLG3-S2) [42,43] was optimized by monitoring the split-
ting between the methylene protons of unlabeled glycine while
keeping the MAS frequency at 8176 Hz and changing the following
parameters: length of individual PMLG pulse, window duration, RF
amplitude and the carrier offset [36,44]. In wPMLG3 decoupling,
the basic unit consists of PMLG3 block (sPMLG3) and the acquisition
window sw resulting in a cycle period of sc = sPMLG3 + sw. Each
PMLG3 block consisted of 6 pulses with the following phases:
214.64�, 283.92�, 353.21�, 173.20�, 103.92� and 34.64� (m3p shape
in TopSpin 3.2 library). A consecutive PMLG3 block is then
repeated with 180� phase shift to complete S2 supercycle [42].
The optimal pulse length of each pulse in PMLG3 block was found
to be 2.45 ls (sPMLG3 = 14.70 ls), and the window duration sw was
4.95 ls. Therefore, the overall length of decoupling cycle time sc
was equal to 19.65 ls, resulting in the characteristic frequency
mc = 50.89 kHz. In order to avoid line broadening due to undesir-
able destructive PMLG interferences, it is required that 3sc < sr
and 4sc – sr where sr is the rotor period [45,46]. In the present
setup, the rotor period sr = 122.3 ls and sr/sc = 6.22, being far off
of the obvious degeneracies. The RF amplitude during decoupling
was set to 88372 Hz. The 1H RF offset frequency was set to
�2900 Hz during windowed acquisition to avoid RF-rotary-
frequency lines and other artifacts falling over the spectral region
of interest [47]. The scaling factor of 0.52 was determined on
adamantane by plotting the dependence of the apparent offset
shift against the actual offset change (Fig. SI 2) and was further
used to correct the 1H spectral width. Considering the possible dif-
ference of the RF nutation frequency in adamantane and the frozen
protein, which might lead to slightly different scaling factor, the
above procedure was repeated on the 5-ALA protein sample mon-
itoring the shift of water peak. The same scaling factor was
confirmed.
2.4. 13C photo-CIDNP MAS NMR

The standard 1D 13C photo-CINDP MAS NMR experiments were
recorded with Hahn-echo sequence with 256 scans and 4 s relax-
ation delay. Swept-frequency two-pulse phase-modulation (SWf-
TPPM) heteronuclear decoupling [48] with 100 kHz RF field was
used during the acquisition.

2.5. 13C ? 1H hyperpolarization transfer and carbon acquisition

The 1D 13C experiments were recorded with 256 scans and 4 s
relaxation delay, resulting in 17 min measurement time each.
The Lee-Goldburg CP (LGCP) [49] was optimized to satisfy both
Hartmann-Hahn (HH) n = ±1 matching condition, with 61 kHz
effective 1H RF lock field and 70–100% ramp on 13C channel. LGCP
contact time was set to 80 ls, 500 ls and 4500 ls. SWf-TPPM
heteronuclear decoupling with 100 kHz RF field was used during
the acquisition.

2.6. 13C ? 1H hyperpolarization transfer and proton acquisition

The 1D windowed 1H experiments were recorded with 2048
scans and 4 s relaxation delay, resulting in 2.5 h measurement time
each. The LGCP was optimized to satisfy HH n = ±1 matching con-
dition, with 61 kHz effective 1H RF lock field and 70–100% ramp on
13C channel. LGCP contact time was set to 80 ls, 500 ls and 4500
ls. The solvent suppression was achieved with repeating alternat-
ing X and Y pulses on-resonance with the water peak, with RF fre-
quency of 20 kHz and total length of the saturation block of 100
ms. Exponential window function with line broadening of 50 Hz
was applied prior to Fourier transformation. The spectra were
phased according to U-13C labelled L-alanine.

2.7. Photo-CIDNP 13C ? 1H HETCOR MAS NMR experiments with
proton acquisition

The 2D HETCOR spectra were recorded with 64 t1 increments,
accumulating 960 scans in each indirect slice with relaxation delay
of 4 s, resulting in 3 days of experimental time. Frequency discrim-
ination during the evolution period was achieved with STATES-
TPPI method [50]. A 45� shifted squared sine bell window function
(qsine SSB = 4 in TopSpin) was applied in the indirect dimension,
and further zero-filled to 2048 points prior to Fourier transforma-
tion. A 90� shifted squared sine bell window function (qsine SSB =
2) was applied in the direct dimension and zero-filled to 1024 data
points.

2.8. Pulse sequences

The pulse sequences used in the present work are shown in
Fig. 1.

3. Results and discussion

3.1. Standard 1D 13C photo-CIDNP MAS NMR

The standard photo-CIDNP MAS NMR experiment comprises a
simple Hahn-echo sequence acquired under continuous illumina-
tion for the direct observation of strong nuclear polarization on
13C nuclei. Such a 1D spectrum recorded on 5-ALA R. sphaeroides
WT consists of series of light-induced emissive (negative) signals
between 80 and 170 ppm, which could be assigned to the response
from 13C labels of two BChl a (PL and PM) and one BPheo a (UA), pre-
sented in Fig. 2A. The isotope-labeling pattern of photosynthetic
cofactors in 5-ALA R. sphaeroides WT is presented in Fig. 2B.



Fig. 1. Pulse sequences used to study 13C? 1H polarization transfer. 1D experiment to study the 13C polarization decay due to 13C ? 1H transfer consists of the 90� excitation
pulse on carbon followed by the spin-lock (SP) pulse on 13C channel (1) or on both channels to satisfy HH condition (2) and 13C acquisition with high power decoupling; /1 =
+y � y � y + y; /2 = +x; /3 = +x; /rec = +y � y � y + y. 1D experiment to study the 1H polarization build-up due to 13C ? 1H transfer consists of the water suppression block,
90� excitation pulse on carbon followed by the spin-lock pulses on both channels to satisfy HH condition and 1H windowed acquisition with wPMLG3-S2; /1 = +y � y; /2 = +x;
/3 = +x + x � x � x + y + y � y � y; /rec = +x � x � x + x + y � y � y + y (3). 2D 13C ? 1H correlation experiment consists of the water suppression block, 90� excitation pulse on
carbon, the evolution period t1 during which high power heteronuclear decoupling is applied, two spin-lock pulses to satisfy HH condition and 1H windowed acquisition with
wPMLG3-S2; /1 = +y -y; /2 = +x; /3 = +x + x � x � x + y + y � y � y; /rec = +x � x � x + x + y � y � y + y (4). Defined illumination period of 4 s was provided with mechanical
shutter triggered via pulse program.
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The emissive character of the light-induced signals has been
explained previously by the dominance of the three-spin mecha-
nism (TSM) over the differential decay (DD) in the absence of the
differential relaxation (DR) mechanism [18,51]. Direct excitation
of 13C nuclei does not impose special limit on the repetition delay
due to slow relaxation nor does it require special modification of a
sample such as paramagnetic doping in order to decrease the lon-
gitudinal relaxation time [52]. Since the recovery of the solid-state
photo-CIDNP generated signal is faster than the T1 limit [53], a
recycle delay of 4 s, typical for classical 1H–13C CP experiments,
is sufficient for photo-CIDNP MAS NMR experiments. With in this
time �50% of steady-state photo-CIDNP signal is reached.



Fig. 2. (A) 13C photo-CIDNP MAS NMR spectra of 5-ALA R. sphaeroides WT recorded with Hahn-echo pulse sequence at 9.4 T and MAS frequency of 8176 Hz at 247 K in dark
(top) and under continuous illumination (bottom). The colour code of the numbers refers to the assignment to the three cofactors forming the spin correlated radical pair:
green, red and blue refer to the two BChl a molecules of the donor (PL and PM) and the acceptor (UB), respectively. The assignment of the individual signals is based on the
previous work [24]. (B) Isotope labeling pattern of BChl a obtained by feeding bacteria with d-aminolevulinic acid 13C labeled at position 5 (5-ALA). Green circles indicate the
positions of 13C labels. The numbering of carbon atoms is according to IUPAC. The molecule of BPheo a has an identical labeling pattern.
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3.2. 13C? 1H hyperpolarization transfer and carbon acquisition

To study the possibility of transferring the enhanced polariza-
tion from 13C to 1H, we performed a series of spin-lock experiments
using the pulse sequences presented in Fig. 1(1–4). Such pulse
sequences are based on inverse polarization transfer, which is unu-
sual in classical applications mainly due to unfavorable carbon
polarization in the thermal case, long relaxation times and difficul-
ties in direct proton detection, and therefore used only in specific
applications. The few reported cases of utilizing the inverse CP
include, for example, the assignment of the proton signals in solid
inorganic compounds [54], the study of the dynamics of the
fullerene-70 solvated in toluene [55], the study of ion adsorption
on microporous materials [56] and the assignment of aliphatic pro-
tons in randomly protonated proteins by using CCH sequence [57].
Photo-CIDNP, on the other hand, creates a state in which 13C nuclei
are hyperpolarized, i.e. they have much lower spin temperature
compared to 1H nuclei, therefore the efficient flow of polarization
from carbon to proton during CP is expected upon spin locking,
leading to the boost of the polarization of protons. This polarization
exchange is governed only by the strength of the heteronuclear
dipolar couplings between 13C and 1H and the respective rates of
the relaxation in the rotating frame (T1q), mainly T1qH . The locking
of protons under LG condition provides longer T1qH relaxation time
due to the reduced strength of 1H–1H homonuclear dipolar cou-
plings. This assures more selective transfer between 13C–1H pairs
[58], therefore simplifying the assignment of heteronuclear corre-
lation experiments and allowing for accurate measurements of
1H–13C distances [59].

The possible 13C? 1H transfer of hyperpolarization can be stud-
ied either by detecting the residual 13C polarization after CP trans-
fer similar to CP-drain experiments [60] or by detecting the build-
up of 1H polarization directly. In the first set of experiments, we
used sequences 1 and 2 and expected to observe the decay of 13C
hyperpolarization presumably due to 13C? 1H polarization trans-
fer upon spin locking. The pulse sequence 1 serves as a reference, it
starts with illumination period of 4 s during which hyperpolariza-
tion builds up on 13C nuclei of special pair and UA due to the solid-
state photo-CIDNP effect. The 900-13C excitation pulse creates
transverse 13C magnetization which is locked with subsequent
spin-lock pulse before detection.

The resultant spectra recorded on 5-ALA R. sphaeroides WT
with three different contact times are presented in Fig. 3 (A–C).
They resemble the pattern obtained with Hahn-echo experiment
with slight decrease in the signal intensity due to the spin–lattice
relaxation of the carbon magnetization in the rotating frame T1qC ,
which is more pronounced upon application of a long contact
time. In the second series acquired with pulse sequence 2, the
spin-lock pulse was applied on both 13C and 1H channels with
the power to satisfy HH conditions. The results are presented
in Fig. 3 (A0–C0).

Already after 80 ls of locking time (Fig. 3A0), the significant
drop of the signal intensity of about 60% was observed in the
region belonging to the response from carbons 5, 10 and 20
(�100 ppm), the only ones that have directly attached protons,
while the signals originating from the quaternary carbons are not
influenced by 1H spin lock. This observation is consistent with
direct LGCP experiments under MAS, where the carbon signal
intensity shows an oscillatory behavior as a function of contact
time, with maximum signal intensity usually obtained under
100 ls contact time for CH moiety, depending on the strength of
the heteronuclear dipolar coupling [60]. Since CP is a coherent pro-
cess, similar behavior happens for 13C? 1H transfer. Therefore,
this loss of 13C signal intensity might imply the polarization trans-
fer from carbons C-5, C-10 and C-20 to directly attached protons.
Upon increasing the contact time to 500 ls (Fig. 3B0), the slight
drop in intensity was also observed for the signals originating from
quaternary carbons in region between 104 and 170 ppm, implying
their contribution to polarization transfer. Finally, only 20% of the
original intensity is left after a long contact pulse of 4500 ls



Fig. 3. 13C photo-CIDNP MAS NMR spectra of 5-ALA R. sphaeroides WT recorded using pulse sequences 1 and 2 at 9.4 T and MAS frequency of 8176 Hz at 247 K under
continuous illumination. No RF power was applied on 1H lock pulse with duration of (A) 80 ls, (B) 500 ls and (C) 4500 ls. Appropriate RF power to satisfy HH condition was
applied on 1H lock pulse with duration of (A0) 80 ls, (B0) 500 ls and (C0) 4500 ls.

P. Bielytskyi et al. / Journal of Magnetic Resonance 293 (2018) 82–91 87
(Fig. 3C0), which suggests almost complete transfer of 13C polariza-
tion into the proton pool.

3.3. 13C? 1H hyperpolarization transfer and proton acquisition

In order to verify that the magnetization is transferred to the
protons, we aimed to detect the build-up of the 1H polarization
caused by the 13C? 1H transfer. Direct proton detection in frozen
non-deuterated membrane protein is challenging due to the net-
work of strongly coupled protons, since the 1H–1H dipolar interac-
tions need to be averaged out at ultrafast MAS frequencies.
Alternatively, windowed acquisition with homonuclear decoupling
at slow and moderate MAS frequencies has proven to be very effec-
tive in resolving 1H spectra of proteins, often being comparable to
the performance of fast MAS beyond 60 kHz [61]. Frequently,
direct proton detection results in crowded spectra due to the
strong signals originating from the solvent and buffer added to
the MAS rotor. These undesirable signals usually have much stron-
ger intensities than the signals of interest, and could also overlap
with the spectral region of interest. Therefore, the solvent satura-
tion block is often included into the pulse sequences aimed at
direct proton detection, which allows to completely eliminate or
to reduce the unwanted signals [62]. The pulse sequence 3 pro-
posed for observation of the build-up of 1H hyperpolarization
due to 13C? 1H polarization transfer was constructed in the fol-
lowing way. It starts with the illumination period of 4 s during
which 13C hyperpolarization builds up due to the solid-state
photo-CIDNP effect. This period ends with a solvent suppression
block on the 1H channel, followed by a short delay period of 0.1 s
that ensures complete closure of a shutter window. A subsequent
900 13C excitation pulse is followed by the application of ramped
amplitude spin-lock pulse on the 13C channel together with 1H
spin-lock pulse at the LG offset. Finally, direct proton acquisition
is achieved with wPMLG3-S2. Implementation of the supercycle
into the homonuclear decoupling generates an effective z-
rotation for the transverse magnetization, resulting in the suppres-
sion of the strong carrier peak and more robust scaling factor over
a wide range of the resonance offsets. Since LGCP generates an off-
resonance 1H field that is applied in the way that in the rotating
frame the effective field is inclined at the magic angle with respect
to the static field in the z-direction, the magnetization generated at
1H channel is expected to be inclined in the similar way parallel to
the effective field. In principle, the 1H magic-angle pulse of 35� can
be introduced after LGCP to tilt the generated magnetization into
the xy-plane with intend to increase the detected signal intensity.
However, from our experience, the introduction of such magic-
angle pulse neither provides any gain of intensity nor improves
the resolution (data not shown).

Fig. 4 shows the 13C photo-CIDNP enhanced 1D 1H MAS NMR
spectra from 5-ALA R. sphaeroides WT obtained with pulse
sequence 3 using three different contact times. No signal was
detected in the absence of illumination regardless of the LGCP con-
tact time (Fig. 4A–C). We found that the exact proton transmitter
frequency was not critical for solvent suppression. Placing the off-
set on the strongest peak corresponding to water signal effectively
suppressed additional solvent response originating from the deter-
gent and buffer. Upon illumination, the 80 ls contact generates
strong signal that occurs at about 8 ppm (Fig. 4A0). Interestingly,
the signal has an emissive character, which demonstrates the con-
servation of the sign of transferred polarization. Longer contact
times lead to the growing signals in the aliphatic region of the
spectrum (Fig. 4B0 and C0). These results are consistent with the
drop of the carbon signal intensity in the 13C-detected experi-
ments. At short contact times, polarization transfer occurs only
between close 13C–1H pairs, therefore the signal at �8 ppm must
originate from protons directly attached to carbons C-5, C-10 and
C-20. Such chemical shifts are expected for the protons of the
methine bridges of BChl a and BPheo a [63]. To confirm the emis-
sive character of the 1H signals from 5-ALA R. sphaeroides WT, the
sequence 3 was repeated on U-13C L-alanine. This sample has fast
13C spin lattice relaxation allowing for short recycle delay in the
experiments with direct carbon excitation. The spectra acquired
with different contact times resulted in 1H proton spectra with
absorptive line shapes similar to pulse-acquire experiment with



Fig. 4. The photo-CIDNP enhanced 1D 1H MAS NMR spectra from 5-ALA R.
sphaeroides WT obtained with pulse sequence 3 at 9.4 T and MAS frequency of 8176
Hz in the dark with LGCP contact time of (A) 80 ls, (B) 500 ls and (C) 4500 ls, and
upon continuous illumination with LGCP contact time of (A0) 80 ls, (B0) 500 ls and
(C0) 4500 ls. The signal labeled with an asterisk refers to an artifact rising from
homonuclear decoupling. The spectra were phased according to U-13C labeled L-
alanine.

Fig. 5. Photo-CIDNP 13C–1H HETCOR MAS NMR spectra of 5-ALA R. sphaeroides WT
recorded with pulse sequence 4 at 9.4 T, temperature of 247 K and a MAS frequency
of 8176 Hz under continuous illumination with LGCP contact time of (A) 80 ls, (B)
500 ls and (C) 4500 ls.

88 P. Bielytskyi et al. / Journal of Magnetic Resonance 293 (2018) 82–91
windowed acquisition. Since the sign of the transferred polariza-
tion is maintained, we predict that the spectral-editing experi-
ments with laser-flash setup [64], in which the absorptive-
emissive patterns of the 13C spectra are observed, will be feasible
also for heteronuclear photo-CIDNP MAS NMR experiments. This
might allow for sorting the 1H signals based on the sign of the sig-
nal from neighboring 13C nucleus, which would simplify the
assignment of the proton spectra.

Upon increasing the contact time more, long-distance transfers
occur from carbons C-14, C-15, C-16, C-9 and C-4 to nearby pro-
tons, presumably H-17, H-18, H-132, H-8, and H-7, which are
expected in the range of chemical shifts between 6 and 1 ppm.
Finally, at a very long contact time the intensity of the signals in
a very shielded region increases which might correspond to the
transfers to peripheral protons, H-21, H-71, H-81, H-121 and H-
181. Meanwhile, the intensity of the peak around 8 ppm decreases
gradually with increasing contact time, which might be attributed
to the T1qH relaxation, that happens on a faster timescale as com-
pared with carbons. Therefore, the experiments with both 13C
and 1H acquisition proved the feasibility of inverse cross polariza-
tion as a means to transfer photo-induced hyperpolarization from
carbons to nearby protons. Light-induced signals can be detected
already after 10 min of measurement time, and the experimental
time of 2 h guarantees good signal-to-noise ratio. However, even
with the use of homonuclear decoupling the quality of the 1H spec-
trum does not allow for the assignment of the individual proton
responses due to the broad lines. To overcome this problem, we
introduced the second dimension in which proton resonances are
resolved according to the chemical shifts of neighboring carbon
nuclei.
3.4. Photo-CIDNP 13C ? 1H HETCOR MAS NMR experiment with
proton acquisition

The pulse sequence 4 is proposed for 2D photo-CIDNP 13C? 1H
HETCOR MAS NMR experiment. It resembles the sequence 3 with
addition of the evolution period t1 during which the high-power
heteronuclear dipolar decoupling is applied on 1H channel. During
the maximum t1 delay time of 2.5 ms, the solvent signals recovered
not more than 5% of the intensity. In case when fast spinning is
used, the saturation block can be placed directly before the CP part
for the best solvent suppression performance. However, in such an
implementation at 8 kHz MAS frequency, 13C–13C residual
homonuclear dipolar couplings will cause a fast diffusion among
13C spins during z-storing, resulting in the diminishing of the selec-
tivity of the correlation experiment. Therefore, solvent suppression
was placed before t1 evolution similar to Zhou et al. [65]. This
implementation also eliminates the potential loss of the signal
intensity due to 13C T1 relaxation while storing magnetization on
13C sites. The correct performance of the pulse sequence 4was con-
firmed on a test sample of U-13C L-alanine (Fig. SI 3).

The spectrum in Fig. 5 A recorded at a short contact time on 5-
ALA R. sphaeroides WT contains one correlation peak located at �8
ppm in 1H dimension and �100 ppm in 13C dimension. This proves
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the previous assumption that this 1H signal indeed corresponds to
a transfer from carbons C-5, C-10 and C-20 as they all appear
between 103 and 95 ppm. 64 points in the indirect domain were
not enough to distinguish the individual signals from PL, PM and
UA, as they all fall into narrow range of chemical shifts. The 500
ls and 4500 ls LGCP contacts provide many more correlation
peaks. Based on an approximate cut-off distance of about 3 Å and
<4 Å for 500 ls and 4500 ls, respectively, as was estimated by
recording classical 1H–13C LGCP HETCOR on L-tyrosine hydrochlo-
ride and comparing the correlation peaks with the intra-inter
molecular distances taken from neutron diffraction data [59,66],
it was possible to perform a tentative assignment of some of the
correlation peaks (Fig. SI 4). A cut-off at 4 Å already enables the
possibility for intermolecular correlations between the bacteri-
ochlorophylls of the special pair and also with nearby amino acids,
which complicates the assignment. Signal at dH � 8 ppm also has
multiple correlations around 160 ppm in 13C dimension, which
might be due to contacts between protons H-10 and H-20 and car-
bons C-9 (PL, PM, U), C-14 (PL, PM) and C-16 (U), that have similar
chemical shifts between 162.1 and 157.5 ppm. The last correlation
at rH � 8 ppm and 13C at �148 ppm could be H-20/C-16 (PL, PM)
and H-5/C-4 (PM). Surprisingly, correlations H-5/C-4 and H-10/C-
9 located only 2.1 Å apart are not visible at 500 ls contact time.
The signal at dH � 5.9 ppm correlates with C-15 (104.2–108.8 pp
m), and at 4500 ls also to C-16 and C-14 (160.1–157.5 ppm), we
therefore assign it to H-132. The signal at dH � 4.4 ppm has high
intensity already at 500 ls and correlates with C-15 and C-16
(U). It is therefore assigned to H-17. At 500 ls signal at dH � 3.7
ppm has a strong correlation with carbons C-9 (162–157 ppm)
and a weaker correlation with C-10 (at �100 ppm). The latter cor-
relation is more pronounced at longer contact. For this reason, we
tentatively assign the resonance at 3.7 ppm to proton H-8. Signals
between dH � 2.5 and 1.1 ppm have strong correlations with C-9
and C-16 and weaker with C-5, C-10 and C-20, since probably they
belong to protons H-81 and H-171. Signals in the very shielded
region from 1 ppm to �1.5 ppm show up only at very long contact
time and should belong to peripheral protons H-82, H-21, H-32. The
relative positions of the three groups of proton signals seem to fol-
low the general tendency observed for isolated BChl a, with
increasing shielding effect starting from the methine bridges up
to aromatic and peripheric protons. The relative positions of the
individual proton signals must be further investigated. Thus, in
order to rationalize the effect of protein environment on the chem-
ical shifts of protons, the ring current effects must be taken into
account [67], as the two almost identical porphyrin molecules of
the special pair are located in the close to each other (with only
�3.4 Å intermolecular distance between PL and PM).

Overall, the photo-CIDNP HETCOR MAS NMR experiment with
13C? 1H hyperpolarization transfer provided strong correlation
signals in a relatively short amount of time. The resultant 1H sig-
nals are selective and originate from the labeled cofactors and
probably their close protein environment, while the rest of the
backbone signals are not observed. The signal build-up was
detected even after 64 t1 points, which allows in principle to
increase the resolution in F1 dimension by accumulating more
indirect increments. The resolution in 1H dimension could be fur-
ther improved by combining simultaneous homonuclear and
heteronuclear decoupling [68]. Meanwhile, the classical LGCP HET-
COR with 1H? 13C transfer performed in our setup at 9.4 T mag-
netic field and 8 kHz MAS frequency and 7 days of the
measurement time failed to show the correlation signals on the
selective cofactors, resulting only in the crowded upfield region
belonging to the protein backbone, both in dark and under illumi-
nation (data not shown). Experiments at higher field and MAS fre-
quency might reveal as well the signals from the cofactors.
However, since the isotopic labeling procedure with the use
d-aminolevulinic acid results in the RCs in which all bacteri-
ochlorophylls and bactriopheophytins are labeled, we predict the
higher complexity of the classical 1H ? 13C correlation spectra
which would consists of the feedback from 6 almost identical
cofactors including the ones that are highlighted by photo-CIDNP
plus the accessory BChls a (BA and BB) and BPheo a (UB) and the
backbone signals, which would overlap with the signals from the
side chains of the special pair.

To be able to detect the polarization transfers from the 13C
nuclei of the cofactors to the close protein environment in 13C?
1H experiment, the map of the chemical shifts of protons belonging
to the special pair and UA will be required. To that end, different
13C-labelling patterns can be probed with short LGCP contact times
to assure only 1-bond correlations. In the previous works 2-ALA, 3-
ALA and 4-ALA selectively labeled reaction centers have been suc-
cessfully produced [69], covering almost the whole range of aro-
matic and aliphatic carbons. These RCs will be tested with the
proposed photo-CIDNP 13C? 1H HETCOR MAS NMR experiment.
4. Conclusions

In the present study, we have performed 13C? 1H heteronu-
clear transfer of photo-CIDNP-generated hyperpolarization occur-
ring in the frozen photosynthetic protein complex. With the
sample illumination and moderate cooling as the only setup
requirements, these types of experiments are easy to perform, as
was demonstrated on the selectively 13C reaction center from R.
sphaeroides WT. The first proton chemical shifts of the electron
donor and acceptor in their native environment have been
obtained, suggesting the behavior of the general trends of the
chemical shifts between the special pair and isolated bacteri-
ochlorophyll. We expect that the proposed approach has a poten-
tial for a heteronuclear photo-CIDNP spin-torch to explore the
protein vicinity around the special pair, thus broadening the poten-
tial application of photo-CIDNP MAS NMR technique. The feasibil-
ity of the inverse cross polarization as means to hyperpolarization
transfer suggests the possibility to implement solid-state photo-
CIDNP enhancement step in almost any CP-based NMR pulse
sequence, for example MELODI-HETCOR [70], thus providing more
tools for studying the protonic state of donor-acceptor pairs and
their close environment in the photosynthetic reaction centers,
including photosystem II of plants.
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