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ABSTRACT: Photosynthetic reaction centers (RCs) serve as natural engines

converting solar energy to chemical energy. Understanding the principles of

efficient charge separation and light-induced electron transfer (ET) between the ¢ &S
chlorophyll-type pigments might guide the synthesis for artificial photosynthetic el o
systems. We present detailed insight into the dynamics at the atomic level using
solid-state NMR techniques applied to the RCs of Heliobacillus (Hb.) mobilis \
(HbRCs) and the purple bacterium Rhodobacter (R.) sphaeroides (PbRCs). It is \

assumed that heliobacteria were among the first phototrophic organisms; Y Bc A

therefore, their RC can be regarded as ancient. They are constructed
homodimerically with perfect C, symmetry, enabling ET over both branches of

cofactors. Modern RCs of R. sphaeroides wild-type (WT) have higher redox power and are functionally highly asymmetric. The
dynamics of the cofactors in both RCs has been explored using nuclear hyperpolarization, induced by the solid-state photochemically
induced dynamic nuclear polarization (photo-CIDNP) effect. Based on the individual incorporation of *C positions of the cofactors
(through supplementation by '*C-5-aminolevulinic acid), photo-CIDNP magic-angle spinning (MAS) NMR experiments provide
access to the local dynamics of the cofactors along the ET path over a broad range of time scales. Theoretical analysis of the dynamic
deformation of these macrocycles is also discussed in terms of function. The dynamics observed in HbRCs appears to be correlated
to ET. The cofactors in PbRC are significantly less dynamic than those in the HbRC. Relevance for efficiency and redox properties

photo-CIDNP
MAS NMR

are discussed.

B INTRODUCTION

Photosynthetic reaction centers (RCs) act as biological “solar
cells”, providing electric potential for cellular life.' RCs consist of
protein—chromophore complexes designed to facilitate the
conversion of light energy into chemical energy through electric
charge separation across the cell membrane. These RCs, found
in photosynthetic organisms, such as plants, algae, and bacteria,
exhibit remarkably high quantum yields (almost unity) and
efficiencies. Therefore, great effort has been made to understand
the underlying mechanisms, also aiming at the design of artificial
molecular photosynthetic systems™” with strong potential in
various fields such as medicine, optoelectronics, and solar fuels.*

The outstandingly high quantum yield is accomplished in RCs
via a stepwise electron transfer (ET) over a chain of cofactors
with virtually complete inhibition of electron back-transfer after
light excitation. This unique property of RCs has been addressed
by a number of experimental techniques, such as ultrafast time-
resolved experiments®~® and studies of Ipigment fluctuations’
and low-frequency vibrational modes.'”"" Furthermore, light-
driven structural changes during charge separation in the RCs
have been investigated using X-ray structure analyses'”"* as well
as molecular dynamics (MD) simulations.'*™'® For interpreta-
tion, calculations were undertaken, exploring the link between
ET and protein dynamics,17 evaluating the electrostatic
interaction energies of radical-pair states with their surround-
ings.'® As described by Marcus theory, these ultrafast ET
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processes with efficiency close to unity are running kinetically
and energetically in the inverted region, although dynamics is
required to allow for electron—phonon coupling.'”*” The exact
interplay of “rigid” Marcus theory and necessary dynamics could
potentially be a gap in our understanding of the role of active
cofactors. An attempt to understand the role of these
chromophores in ET should be based on the experimental
measurements of these dynamics. In all natural photosynthetic
RCs, these pigments are of the (bacterio)chlorophyll ((B)Chl)
type,”" whose macrocycles have particular opportunities for
dynamics. (B)Chls exhibit great diversity among different
photosynthetic organisms and show variability in photochemical
and electrochemical properties while maintaining their basic
function throughout Earth’s history. As proposed by Shelnutt™*
and others,”>™*° conformations and conformational changes of
the tetrapyrrole macrocycles as (B)Chls are associated with
specific chemical properties. Experimental evidence for these
proposals has been found by analyzing the displacement of low-
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Figure 1. Cofactor arrangement of HbRC of H. modesticaldum [PDB: SV8K] and ET pathway upon light excitation under the reduction of [4Fe-4S]
(electron pathways are indicated with dashed black arrows) (A). The photocycle of HbRC with the involved solid-state photo-CIDNP mechanisms
(B) is explained in the main text. Cofactor arrangement of PbRC of R. sphaeroides WT [PDB: 1M3X] (C). Upon light excitation, an electron is
transferred from the special pair P to ®@,, under quinone-depleted conditions (electron pathways are indicated with dashed black arrow). The
photocycle of PbRCs of R. sphaeroides WT [PDB: 1M3X] with involved solid-state photo-CIDNP mechanisms (D) is explained in the main text.

Prereduction or removal of quinones induces cyclic ET.

frequency vibrational modes using the normal-coordinate
structural decomposition (NSD) method.**

Anoxygenic photosynthetic reaction centers (RCs) are
believed to have appeared earlier in evolution than those
involved in oxygenic photosynthesis.26_28 The evolution of RCs
is complex, involving divergence from a common ancestral
reaction center that ultimately gave rise to the diverse RCs
observed in modern photosynthetic organisms.”®>” Hence,
HbRCs are often considered among the most ancient RCs found
in existing photosynthetic organisms, reflecting both their early
divergence and structural simplicity.”® These characteristics
render HbRCs valuable models for studying the original
photosynthetic photophysics and spin-dynamics. HbRCs have
developed two fully symmetric branches for ET,*®3! while the
“modern”, photosynthetic RCs of Rhodobacter sphaeroides WT
are functionally highly asymmetric.”*~>* The X-ray structure of a
HbRC from Heliobacterium (H.) modesticaldum, having a
resolution of 2.2 A*° (see Figure 1A), is absolutely symmetrically
arranged along the two ET branches, and the dimer of two
bacteriochlorophyll g’ (BChl g’) molecules forming the special
pair donor (P) shows perfect symmetry. Both, two 8'-hydroxy-
chlorophylls a with a farnesyl side chain (8'-OH-Chl ag) act as

the primary acceptor A,. In addition, an iron—sulfur [4Fe-4S]
cluster serves as the terminal acceptor Fx.

Upon absorption of light by the HbRC, ET occurs from
electronically excited primary donor P* to the primary electron
acceptor A, within ~25 ps at room temperature® (Figure 1B).
Under reduction of terminal acceptor 4Fe-4S, a spin-correlated
radical pair (SCRP) is formed between the radical cation state of
special pair P** and the radical-anion state of primary acceptor
A,"". This SCRP [P**A,*~] evolves between singlet and triplet
states due to hyperfine interactions, electron Zeeman frequency
difference. During this coherent spin evolution, nuclear
hyperpolarization occurs via three-spin mixing (TSM).*
Although recombination of the radical pair is allowed in its
singlet state, it is forbidden in the triplet state, resulting in the
formation of a donor triplet state (*P). In HbRCs, the differential
decay (DD) contribution®”*" is negligible since the difference of
lifetimes in these two decay channels is minimal (£5 = 20 ns vs t1
= 17 1s).”>*" The lifetime of the donor triplet state (°P) in
HbRCs is (~35 ps),"' ™" leading to the occurrence of the
differential relaxation (DR) mechanism.>’ Consequently, hyper-
polarized signals arising from donor or acceptor nuclei occur in
the electronic ground state after recombination from either
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Figure 2. Overview of solid-state photo-CIDNP NMR experiments for probing internal dynamics of radical-forming cofactors across picoseconds to

milliseconds time scales (for review see refs 59,60).

TSM and DR. Previous photo-CIDNP (photochemically
induced dynamic nuclear nuclear polarization) MAS (magic-
angle spinning) NMR studies on anaerobically treated Hb.
mobilis (called Braunstoff in that study) demonstrate a strong
magnetic field-dependent effect.*¥*>

The arrangement of cofactors and the kinetics of cyclic
electron transport in PbRCs of R. sphaeroides WT under
quinone-blocked conditions are depicted in Figure 1C,D. Two
BChl a cofactors (P and Py,) form the special pair donor.
Further cofactors are two accessory BChls (B, and By), two
bacteriopheophytins (BPhe @, and @), two quinones (Q, and
Qg), a non-heme iron, as well as a carotenoid (Car). The
cofactors are arranged in two structurally rather symmetric
branches, A and B. Despite their structural similarity, both
branches exhibit a striking asymmetry in function. Only branch
“A,” referred to as the “active branch,” facilitates ET, whereas
branch “B” does not participate in the ET.» Upon absorption,
within ~3 ps,*® ET occurs from excited special pair P* to the
primary electron acceptor ®,, which is significantly faster than
in the HbRC. Under quinone-depleted conditions, forward ET
from @, to Q, is blocked, leading to the formation of an SCRP
between the radical cation state of the special pair P** and the
radical anion state of ®,°~.*” In the case of PbRCs of R.
sphaeroides WT, the donor triplet state (°P) is rapidly quenched
by a nearby carotenoid cofactor acting as a triplet quencher
(~100 ns).*® Hence, the DR mechanism is disregarded, and the
TSM and DD mechanisms dominate."’

The formation of the SCRP between the primary donor and
the acceptor upon light excitation opens the way to apply a
special NMR technique, called photo-CIDNP MAS NMR. This
approach is well suited for the selective study of the cofactors
forming a SCRP within a large RC complex, as here, since the
low selectivity and sensitivity caused by the unfavorable
Boltzmann distribution is overcome.*®*? If, as performed here,
the RC to be studied is selectively '*C isotopically enriched by
adding the (B)Chl precursor S-aminolevulinic acid (ALA),
dynamics of the cofactors can be selectively probed against the
background of the unlabeled proteins nuclei. Hence, the photo-
CIDNP MAS NMR technique serves as a hyperpolarized NMR
method for studying the ET machinery of photosynthetic
RCs" " 7>* and several flavoproteins™ > through the obser-
vation of the solid-state photo-CIDNP effect."**° Upon
illumination, an SCRP between the electron donor and the

acceptor is created, and the electron spin polarization is
transferred to nuclei by specific mechanisms such as the DD,
DR, and TSM, resulting in dramatically enhanced signals
detected with solid-state NMR. Furthermore, MAS NMR allows
for chemical-shift resolution in solids as well as the study of a
broad frequency range of internal motions. Therefore, in
combination with various solid-state NMR methods, photo-
CIDNP MAS NMR experiments enable the exploration of
molecular dynamics over a wide frequency range.

Dynamic processes of molecules, modulating distances
between atoms, their relative orientations, and bond geometries,
cause fluctuations in NMR parameters, such as isotropic and
anisotropic chemical shifts, quadrupolar couplings, dipolar
couplings, and scalar couplings.59 The dynamics window,
ranging from picoseconds to seconds, can be investigated
through various solid-state NMR methods. Exchange spectros-
copy (EXSY)®" and chemical-exchange saturation transfer
(CEST),” based on isotropic chemical shift exchange, along
with anisotropic interaction measurements by center-band-only
detection of exchange (CODEX) ,% reflect slow exchange states
ranging from milliseconds to seconds. These slow motions are
beyond our current scope for studying the internal motion of
(B)Chl cofactors. Line—shape analysis®*® probes the reor-
ientation dynamics of micro- to millisecond time scale.
Submicrosecond molecular motions can be exylored using
techniques such as separated-local field (SLF)°*°’ and dipolar
chemical shift correlation experiments (DIPSHIFT),*® which
detect changes in the respective bond orientation.®””’
Furthermore, internal dynamics from the pico- to microsecond
range can be measured by T| relaxation time measurements.” ">

In this study, we investigate the local dynamics of selectively
BC-labeled cofactors along the ET pathway in RCs of
anaerobically treated H. mobilis and R. sphaeroides WT. Using
solid-state NMR methodology, particularly photo-CIDNP
MAS,*>”* we analyze these dynamics at the atomic level on
pico- to millisecond time scales. The photo-CIDNP MAS NMR
experiments conducted in this study are illustrated in Figure 2.
Essentially, we analyze the *C line width as a straightforward
indicator of conformational dynamics. Specifically, we combine
photo-CIDNP MAS NMR with DIPSHIFT, for probing
"H-"3C dipolar coupling dynamics, SUPER for '*C anisotropy
line shape analysis, and '*C T relaxation time measurements. In
addition, we apply photo-CIDNP dipolar-assisted rotational

https://doi.org/10.1021/acs.jpcb.4c04082
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Figure 3. '°C selective labeling pattern of [4-"*C]-, [5-*C]-, and [3,4,5-"*C]-5-ALA-labeled cofactors of HbRCs (A). 1D *C photo-CIDNP MAS
NMR spectra of [4-*C]-, [5-'3C]-, and [3,4,5-3C]-5-ALA-labeled membrane fragments of Hb. mobilis were recorded under continuous illumination at
488 nm (B). A cycle delay of 4 s was utilized at a field strength of 9.4 T, with a MAS frequency of 8 kHz for experiments conducted at 243 K. Signals
from carbons carrying protons used for the DIPSHIFT experiment are underlaid in gray. Spinning sidebands are marked with asterisks.

resonance (DARR) MAS NMR for studying polarization
buildup dynamics via spin diffusion based on a dipolar
interaction. We also explored the temperature dependence of
the dynamics of aliphatic carbons using photo-CIDNP DIP-
SHIFT MAS NMR, particularly examining changes near the
glass transition of the protein matrix and the effects of the water
hydration shell. Furthermore, we reconstruct low-frequency
vibration dynamics of the cofactors in the electronic ground
state and radical pair state to understand cofactor geometry
upon forming the oxidation using PorphyStruct based on the
Normal-coordinate Structural Decomposition (NSD) method.

B EXPERIMENTAL METHODS

Sample Preparation. Cells of the Hb. mobilis strain DSMZ
6151 were used in this study. The cells were cultured in ATCC
medium 1552”* anaerobically at 37 °C under continuous
illumination. For the selective isotope labeling of macrocyclic
tetrapyrrole cofactors, cells were subcultured in medium 1552
supplemented with 1.5 mM [4-'*C]-S-aminolevulinic acid
(ALA), [5-13C]-6-ALA, or [3,4,5-3C]-8-ALA (Cortecnet,
France), each serving as a precursor for the biosynthesis of
B(Chl) cofactors. The "*C labeling patterns of BChl and Chl are
presented in Figure 3A, and were determined as previously
described.”””® Grown cells were harvested by centrifugation at
15,000g and suspended in deoxygenated 20 mM Tris HCI buffer
(pH 8.0) containing 10 mM sodium ascorbate. The cells were

11528

suspended in tris buffer and lysed by sonication for 30 min
afterward, and the lysate was centrifuged at 20,000g for 15 min to
remove the broken cells and debris. The resulting supernatant
was ultracentrifuged at 200,000g for 4 h. The obtained pellet
containing the membrane fragments was resuspended in 20 mM
tris buffer (pH 8.0) with 0.02% sulfobetaine-12 (SB-12). The
sample was reduced with 0.1 M sodium dithionite under a
nitrogen gas flow and packed in an optically transparent 4 mm
sapphire rotor for photo-CIDNP MAS NMR experiments.

Cultures of R. sphaeroides WT were grown anaerobically on
synthetic Potnat medium as described earlier.”” For selective '*C
isotope labeling of cofactors, the bacteria were grown in the
presence of 1.0 mM [3-'*C], [4-C], or [5-3C]-5-ALA
(Cambridge Isotope Laboratories, USA) essentially as described
earlier.”” and the labeling patterns are shown in Figure S2. The
RCs were isolated as described by Shochat et al.”® Quinones
were removed by incubating the RCs at a concentration of 0.6
#M in 4% LDAO, 10 mM o-phenanthroline, and 10 mM Tris
buffer (pH 8.0) containing 0.025% LDAO and 1 mM EDTA.”
Approximately 15 mg of RC protein complex was packed in an
optically transparent 4 mm sapphire rotor for photo-CIDNP
MAS NMR experiments.

NMR Setup. All NMR experiments were conducted using a
double-resonance-MAS probe on a Bruker AVANCE III
spectrometer (Bruker-Biospin, Karlsruhe, Germany), operating
at a proton Larmor frequency of 400.15 MHz (9.4 T).

https://doi.org/10.1021/acs.jpcb.4c04082
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Furthermore, DARR experiments were also performed by using
a double-resonance MAS probe on a Bruker AVANCE NEO
spectrometer (Bruker Biospin GmbH, Karlsruhe, Germany),
operating at a proton Larmor frequency of 200.13 MHz (4.7 T).
The temperature was calibrated using Pb(NO,),*” and the
calibration curve is shown in Figure S1. All our photo-CIDNP
MAS experiments were conducted on frozen samples, which
minimizes the potential for RF heating effects.”’ ~** The probe
was equipped with a light fiber to illuminate the sample during
the measurement. As an illumination source, a 488 nm 1-W
continuous-wave laser (Genesis MX488-1000 STM OPS Laser-
Diode System, Coherent Europe B.V., The Netherlands) was
used. An optically transparent 4 mm sapphire rotor for 9.4 T and
a 32 mm rotor for 4.7 T, respectively, were packed with
membrane fragments and frozen in the dark at a slow spinning
frequency of about 400 Hz to ensure a homogeneous sample
distribution for stable spinning. All *C NMR spectra were
referenced to the COOH response of solid L-tyrosine hydro-
chloride at 172.1 ppm.

The data was processed with Bruker Topspin 3.2 and further
analyzed with MestReNova 14.1.0 (Mestrelab Research,
Santiago de Compostella, Spain).

1D '3C Photo-CIDNP MAS NMR. All NMR experiments
were performed using Hahn-echo pulse sequence at a MAS
frequency of 8 kHz, with a recycle delay of 4 s, and a temperature
of 243 K. The /2 "*C pulses were applied at an RF field strength
of 83 kHz. The 1D "*C photo-CIDNP MAS NMR experiments
were recorded with a Hahn-echo sequence with 1024 scans and
4 s relaxation delay. Swept-frequency two-pulse phase
modulation (SW-TPPM) heteronuclear decoupling84 was
applied during acquisition, using an 85 kHz RF field and a 4.6
us pulse duration.

Photo-CIDNP DIPSHIFT MAS NMR Experiment. The
pseudo-2D 1Tr-recDIPSHIFT® experiments (as shown in the
pulse sequence in Figure SS, CP (cross-polarization) block is
replaced by 7/2 pulse on '*C channel) were conducted ata MAS
frequency of 8 kHz, with a recycle delay of 4 s, and at
temperatures of 243 and 215 K for HbRC of Hb. mobilis, 248 K
for PbRC of R. sphaeroides WT. Four dummy scans were applied
for each experiment. The 'H—'H homonuclear dipolar
decoupling during the ¢; evolution period was accomplished
by using the supercycled phase-modulated Lee—Goldburg
(PMLGS5)® scheme. Each PMLGS block consisted of 10 pulses
with the following phases: 339.22, 297.65, 256.08, 214.51,
172.94, 352.94, 34.51,76.08, 117.65, and 159.22 (mSm shape in
the Top-Spin 3.2 library). A PMLGS RF amplitude of 82 kHz
was used in the case of [3,4,5-1*C]-6-ALA-labeled HbRC and
[3-1*C]- and [4-'3C]-6-ALA-labeled PbRCs, while a PMLGS5 rf
amplitude of 94 kHz was used in case of [5-'3*C]-5-ALA-labeled
HbRCs and PbRC. The optimized PMLGS pulse was 2.08 us at
an RF field of 82 kHz and 1.33 pus at an RF field of 94 kHz,
respectively. Optimization was done by observing the J-splitting
in adamantane powder using a PMLGS-decoupled CPMAS
experiment.

Heteronuclear SW-TPPM decoupling®* was employed
during the acquisition with an RF field strength of 105 kHz.
The spectral width was set to 41 kHz. The offset was set at 50
ppm for [5-*C]-5-ALA-labeled membrane fragments and at 105
ppm for [3,4,5-°C]-5-ALA-labeled fragments of Hb. mobilis and
a total of 3072 scans were collected per each of the 17 ¢
increments. For the [3-*C]-, [4-"*C]-, and [5-'3C]-6-ALA-
labeled PbRCs of R. sphaeroides WT, the offsets were set at 35,
52, and 105 ppm, respectively, and a total of 1024 scans were

collected per each of the 17 t; increments. An exponential
window function with 2 Hz line broadening was applied and the
data was zero-filled to 8192 points prior to Fourier trans-
formation. All 1Tr-recDIPSHIFT dephasing curves were fitted
with SIMPSON®” and the SIMPSON script used in this study is
shown in Supporting Information (SI). A scaling factor for
dipolar coupling was determined by running the 1Tr-recDIP-
SHIFT experiment on [u-">C]-labeled L-Alanine and dividing
the extracted dipolar couplings by the theoretical value of 23010
Hz (C—H distance of 1.095 A,*® determined scaling factors of
0.593 at 88 kHz RF field and 0.652 at 94 kHz RF field PMLGS
decoupling.

The order parameter S for the observed carbons is given by
the ratio of the experimentally determined residual dipolar
coupling and the dipolar coupling of the rigid limit, (S = residual
dipolar coupling of sample/dipolar coupling of rigid limit). The
rigid-limit values for CH and CH, groups were determined
experimentally by measuring 1Tr-recDIPSHIFT for crystalline
B3C-enriched microcrystalline peptide fMLF (Formyl-Met-Leu-
Phe), see Figure S6. For the fMLf sample, a cycle delay of 40 and
256 scans were employed for the 1Tr-recDIPSHIFT experi-
ment. The order parameter S represents the average value
derived from two SIMPSON fits based on two individual
measurements. The errors in the order parameter S are derived
from two independent experimental data sets and expressed as
root-mean-square deviation (RMSD) divided by 1/2, reflecting
experimental variation.

Photo-CIDNP SUPER MAS NMR Experiment. The
pseudo-2D SUPER®” experiments were performed on [4-'*C]-
and [3,4,5-3C]-6-ALA-labeled HbRC of Hb. mobilis at a
spinning frequency of 5 kHz, leading to an RF field of 60.60
kHz for CSA recoupling. The SUPER pulse sequence used for
photo-CIDNP experiments described in previous study.”’ The
y-integral was set to one, with 1024 scans used per increment,
and a total of 24 t;-increments were recorded at 243 K. The
spectral width was set to 32258 Hz, taking into account the
scaling factor of 0.15547. The offset was placed at 110 ppm.
Heteronuclear SW-TPPM decoupling™ was used during the t,
and t, acquisition. Frequency discrimination in all 2D experi-
ments was achieved using the States-TPPI method.”’ The
simulation of the CSA line shapes was carried out with
SIMPSON®” and the SIMPSON script used in this study is
described in ref 90. In the SIMPSON simulation, three
parameters were included in the input file: &, 0,4, and 7.
The J;,, parameter was kept constant based on the chemical shift
assignment, while J,;,, and 57 were slightly varied to find the best
fit. The five best fits for the powder pattern were selected, and
the errors were derived from these fits, with uncertainties of +1
ppm for J,,;, and +0.0S for 7.

Photo-CIDNP Saturation Recovery Experiment. For the
determination of the T, relaxation time, a saturation-recovery
pulse scheme was used (satrectl pulse program in the Top spin
3.2 library). Here, the magnetization is saturated by using a train
of 80 equally spaced 90° pulses with a delay time of 20 ms
between each pulse. SW-TPPM heteronuclear decoupling®*
with 85 kHz was used during the acquisition period. A
temperature of 243 K was applied. Data were fitted using
three-parameter exponential function, B + F¥exp(—x*G).

2D *C-"3C Photo-CIDNP DARR MAS NMR. 2D “C-"C
photo-CIDNP DARR were performed on [3,4,5-*C]-5-ALA-
labeled HbRC of Hb. mobilis with various mixing times: 2.5, S0,
200, and 500 ms. Throughout the mixing period, continuous-
wave decoupling at 'H was used to fulfill the rotary resonance
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conditions v, = nvy (where n = 1 or 2)”*?® with n = +2 at an RF
field strength of 16 kHz. The total number of recorded scans was
512 with 120 increments in the indirect dimensions, and a
relaxation delay time of 4 s was used for both magnetic fields.
Swept-frequency two-pulse phase modulation (SWTPPM)
heteronuclear decoupling84 was applied during acquisition,
using an 85 kHz RF field and a 4.6 us pulse duration. The light-
induced 2D "*C DARR spectrum was acquired over a period of
approximately 3 days (58 h) at 243 K. Zero-filling to 4 K and an
exponential apodization of SO0 Hz was applied prior to Fourier
transformation. Frequency discrimination was achieved using
the States-TPPI method.”"

Nonplanar Distortion Mode Analysis. The structures for
the cofactors from HbRC of H. modesticaldum in their ground
state and their radical state were taken from our previously
reported calculations.”” The structures for the cofactors of the
RC of R sphaeroides WT were extracted from the crystal
structure [PDB: 1M3X]. Then, we followed the same computa-
tional protocol as in our previous study, i.e., employing
Avogadro™ to add missing hydrogen atoms and to truncate
the longer side chain of each cofactor to a methyl group after the
bond and utilizing Orca version 5.0.4” to perform geometry
optimizations with the PBEh-3c method”™ for the electronic
ground and radical states. The optimized structures, ie., two
cofactors from the optimized special pair and the acceptor, were
then used in digital tool of PorphyStruct’”’ based on the NSD
method developed by Shelnutt et al.”® The analysis utilized a
nonmetal coordinated D, symmetric porphyrin as the reference
molecule, the distortion is simulated by a linear combination of
these orthonormal deformations using the lowest frequency
normal coordinates of each symmetry type (minimal basis set).
Exceptionally, for the acceptor @, of PbRC of R. sphaeroides WT
extended basis set was applied to reduce the deviation between
simulation and experimental data.”” The principle axes shown in
Figure S14 are based on information extracted from the NMR
calculation of our previous study.

B RESULTS AND DISCUSSION

Generation of Hyperpolarized '*C Signals of Donor
and Acceptor Cofactors in both HoRCs and PbRCs as well
as '3C Line Width Analysis. The *C-selective labeling
patterns of [4-"*C]-, [5-"*C]-, and [3,4,5-"*C]-5-ALA-labeled
cofactors of HbRCs are represented in Figure 3A and the
corresponding 1D "3C photo-CIDNP MAS NMR spectra
obtained at 9.4 T are shown in Figure 3B. The solid-state
photo-CIDNP effect in HbRCs is attributed to the TSM
mechanism (negative, i.e., emmissive signals) for the electron
acceptor Ay and to a dominating DR mechanism (positive, i.e.,
enhanced absorptive signals) for the electron donor P.”* The
3C-selective labeling pattern of the cofactors in the PbRC of R.
sphaeroides WT as well as photo-CIDNP 1D spectra obtained at
9.4 T are shown in Figure S2. The chemical shift assignments of
cofactors and the solid-state photo-CIDNP mechanisms of the
PbRC of R. sphaeroides WT have been well described in previous
studies (for review,””'%? see also Tables S2, $4 for the list of 1*C
chemical shifts used in this study).

Alongside with the development of the theory, the solid-state
photo-CIDNP effect has been developed into an analytical tool
that enables the study of the local dynamics of cofactors.”® The
line width of the '*C MAS NMR signals provides a source of
information on conformational dynamics and local segmental
motions, typically occurring on a micro- to millisecond time
scale.'” Increased inhomogeneous line-broadening reflects a

larger distribution of different frozen conformational states,
indicating slower molecular dynamics relative to the NMR time
scale. We analyzed the "*C line widths from [4-"*C]-5-ALA-
labeled membrane fragments of the RCs of Hb. mobilis and of R.
sphaeroides WT (see Figures S3, S4 and Tables S1, S2). The
average "°C line width of the electron donor in the HbRC is
significantly narrower than that of the acceptor (donor: 67.5 Hz
(£14.1), acceptor: 81.2 Hz (+13.1)), indicating increased
averaging of the conformational contributions due to faster
motion. In the PbRC of R. sphaeroides WT, we observe a small
asymmetry in the line width between P; and Py of the special
pair, which might contribute to the functional asymmetry (Py:
75.6 Hz (+£13.3), Py: 82.3 Hz (£14.9)). The average line width
of 3C of the acceptor is determined to be 85.3 Hz (+£12.6). The
narrower line width of *C nuclei of the donor in HbRC
compared to the PbRC of R. sphaeroides WT suggests that the
donor in the HbRC is likely more mobile than that in the
modern RC.

Using [5-'*C]-5-ALA-labeled membrane fragments of Hb.
mobilis, also the temperature dependence of the line width has
been probed. 1D "*C photo-CIDNP MAS NMR spectra
obtained at 215 and 243 K show differences in line-broadening
(Figure S7). It is seen that, compared to the line width at 243 K,
the line width at 215 K is significantly broadened. The signal at
112.6 ppm assigned to C10A,, for example, is broadened from
48.6 to 57.4 Hz (full width at half height). Hence, molecular
dynamics are slowed, and different conformations are frozen. It
might be that the protein hydration shell becomes partially
frozen, leading to broad chemical shift distributions.

Local Dynamics of Donor and Acceptor Cofactors by
3C Photo-CIDNP DIPSHIFT MAS NMR. The DIPSHIFT
MAS NMR method, designed to detect and quantify the
motionally averaged heteronuclear '"H—"*C dipolar coupling
due to internal motion with the time scale of pico- to
microsecond®”® is here combined with photo-CIDNP MAS
NMR. The photo-CIDNP DIPSHIFT MAS NMR experiments
are based on the 1Tr-recDIPSHIFT pulse sequence proposed by
Tavnir-Dabora et al.** and the modified pulse sequence for
photo-CIDNP experiments used in this study is shown in Figure
SS. Specifically, aliphatic and methine carbons of cofactors in the
HbRC, which allow for probing '"H—"C dipolar couplings, are
marked with either pink (donor) or blue (acceptor) in Figure
3B. Due to the high intensity induced by the solid-state photo-
CIDNP effect on the HbRCs, observation of the methine
carbons C5, C10, and C20 as well as the aliphatic carbons C7,
C17,C17", and C18 of donor and acceptor cofactors via photo-
CIDNP DIPSHIFT MAS NMR experiments was found to be
possible. The corresponding '"H—"*C dephasing curves from
two photo-CIDNP DIPSHIFT MAS NMR experiments were
extracted and averaged to determine the dipolar coupling. The
"H-"3C dephasing curves for the "H—"3C groups of electron
donor and acceptor cofactors in HbRCs obtained at 243 K,
respectively, are shown in Figure S10. For each curve, '"H—"C
dipolar coupling was determined by SIMPSON simulation and
the order parameters S were calculated, ranging from 0 (free
isotropic motion) to 1 (rigid solid limit). For rigid-limit values
assuming to be S = 1, rigid crystalline peptide fMLF (N-
Formylmethionine-leucyl-phenylalanine) was taken and
'"H-"C dipolar coupling for CH of Met a carbon was
determined 24.4 kHz, see the results in Figure S6. The order
parameters of the observed aliphatic and methine carbons of the
electron donor and acceptor are determined by dividing the
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experimental dipolar coupling value by the dipolar coupling
value in the rigid limit. The experimentally obtained and fitted
order parameters are shown in Table 1 and illustrated in Figure
4A,B.

Table 1. Order Parameters S at "H—'3C Positions in Electron
Primary Donor (P), BChl g’, and Acceptor (A,), 8'-OH-Chl
ag, in HbRC at 215 and 243 K, Respectively

carbon chemical ~ order parameter order parameter
position cofactor  shift (ppm) S§%at 21SK S§“at243 K
cs P/BChlg 972 (E) 0.74 + 0.06 0.65 + 0.08
Ao/Chla; 962 (E) 0.79 + 0.05 0.70 + 0.13
c7 P/BChlg’  44.5 (A) 0.80 + 0.04 0.79 + 0.06
A,/Chl ag
Cl10 P/BChlg 1013 (E) 0.69 + 0.04 0.75 + 0.10
Ay/Chlay 1126 (E) 0.78 + 0.01 0.83 + 001
c17 P/BChlg 528 (A) 0.76 + 0.03 0.66 + 0.11
Ao/Chla; 539 (E) 0.89 + 0.05 0.92 + 0.06
c17' P/BChlg 299 (4) 0.78 + 0.02 0.68 + 0.06
Ao/Chla; 317 (E) 091 + 0.06 1.00 + 0.10
C18 P/BChlg 480 (A) 0.94 + 0.03 0.99 + 0.05
Ao/Chla; 498 (E) 0.86 + 0.06 0.96 + 0.04
C20 P/BChl g’ 92.0 (E) 0.86 + 0.12 0.69 + 0.13
Ay/Chlay 932 (E) 0.76 + 0.04 0.81 + 0.09

“Order parameters S are calculated by dividing the measured dipolar
couplings by the values measured for the rigid crystalline peptide
fMLf. The measured rigid-limit coupling strengths are Dcy = 24.4
kHz under PMLG decoupling. The errors are derived from two
independent experimental data sets and are represented as RMSD
divided by 4/2. Abbreviations: E (emmissive signal), A (absorptive
signal).

For detailed analysis, we categorized the *C-labeled carbon
positions into two groups, belonging to either the aromatic
porphyrin macrocycle or the aliphatic farnesyl tail region. The
extensive porphyrin 7-system and the tail as a lipophilic anchor
within the hydrophobic transmembrane proteins are well
distinguished in dynamics, redox potential, and electronic
absorption frequency.'’”'*> The dynamics of C17, the
connecting position of the farnesyl tail, can be significantly
affected by the mechanical tension of the tail. Consequently, we
classify this position as being part of the tail.

These data from HDbRCs have several implications, as
illustrated in Figure 4A,B: Order parameters of the donor
compared to the acceptor experimentally obtained at 243 K are
generally reduced. Specifically, the methine carbons CSP, C10P,
and C20P of the donor have lower order parameters ranging
from 0.65 to 0.75, indicating significantly higher dynamics, with
CSP being the most mobile position. In contrast, C18P exhibits
the highest order parameter, S = 0.99 among all carbon sites in
the donor, indicating a high degree of rigidity. In the acceptor, a
similar profile with local mobility at the methine carbons CSA,,
C10A;, and C20A, is observed, however, slightly increased
compared to that of the donor, while at C18A, the rigidity is
similar to that of the donor. The highest local mobility on the
donor is observed at CSP of the methine-bridge region between
rings A and B where two donor cofactors are overlapping (see
Figure 11A).

Furthermore, the starting point of the farnesyl tail exhibits a
significant difference in the order parameters of the donor and
acceptor carbons. Donor carbons C17P and C17'P show highly
reduced order parameters of 0.66 and 0.68, respectively while
those of the acceptor have values of 0.92 and 1.00. This indicates

that the farnesyl tail of the donor side and its environment are
exposed to notably more dynamics than the parts of the
acceptor. One might assume that the porphyrin ring is less
affected by the dynamics of the protein environment and that the
donor side is more dynamic and less ordered than the acceptor
site.

Although the kinetics of ET in photosynthesis is rather
independent of the temperature range,*"'**'% temperature
does affect protein motion. In general, proteins undergo a phase
transition concerning their dynamical properties in the temper-
ature range of approximately 190—220 K.'""*'"” Below this
transition temperature, proteins adopt a glass-like state, where
local vibrations dominate, whereas above this temperature, the
dynamics relates more to the fluctuations between conforma-
tional substrates and global motion.'”®'” To study the
temperature effect on the dynamics of a HbRC, we also
performed the 'C photo-CIDNP DIPSHIFT MAS NMR
experiments at 215 K (Figure 4C—E).

The comparison of the order parameters of the electron donor
obtained at two different temperatures, 215 and 243 K, is
depicted in Figure 4D and the corresponding '"H—"2C dephasing
curve obtained at 215 Kis shown in Figure S11. In the porphyrin
region of the electron donor, the carbons such as CSP (from
0.65 at 243 K to 0.74 at 215 K) and C20P (from 0.69 to 0.86)
show a slightly increased order parameter at the lower
temperature. This trend is not only observed in the porphyrin
but also occurs in the starting point of the farnesyl tail, as the
order parameters of C17P (from 0.66 to 0.76) and C17'P (from
0.68 to 0.78) are slightly increased. The electron acceptor,
however, exhibits a different trend (Figure 4E): Specifically, in
the porphyrin, the carbons C10A, (from 0.83 to 0.78) and
C18A, (from 0.96 to 0.86) show reduced order parameters at
215 K compared at 243 K. Moreover, at the beginning of the tail
region, C17A, (from 0.92 to 0.89) and C17'A, (from 1.00 to
0.91) demonstrate a decreased order parameter. The significant
change in the beginning of the tail, at C17 1A, may be attributed
to the reduced rigidity of the long hydrocarbon chain of farnesyl
at low temperatures. This might be related to alterations in the
order of the lipid environment at lower temperatures, which may
influence the dynamics of the tail.'®> Hence, at the lower
temperature, close to the glass transition, the entire acceptor site
loses order, while at the donor site, the order increases upon
cooling. Therefore, the contrast of local dynamics between the
donor and the acceptor becomes less pronounced. Nevertheless,
this dynamic behavior suggests that photosynthetic ET transfer,
which is essentially temperature independent, is not controlled
by this form of local dynamics. In particular, for a DIPSHIFT
experiment, we expect the order parameter to be significantly
affected at ambient temperatures by the surrounding protein
matrix and the lipid environment.

To explore whether our observations on the evolutionary
ancient HbRC are relevant for modern photosynthetic systems,
too, we compare our data to *C photo-CIDNP DIPSHIFT
MAS NMR data of the PbRC of R. sphaeroides WT using
samples labeled with [3-'*C]-, [4-*C]-, and [5-'*C]-6-ALA. The
order parameters of the "H—"C sites of the special-pair donor
cofactors, P; and Py, as well as of the acceptor @, are presented
in Figure 5 and listed in Table S3. Additionally, the
corresponding 'H—"3C dephasing curves are shown in Figure
S13. In general, all cofactors in the PbRC of R. sphaeroides WT
are more rigid than those observed in HbRCs highlighting the
uniformity in the order parameters (Figure 4). Among the
carbons of all cofactors, C17 of @, shows the lowest order
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Figure 4. Comparison of order parameters S at 'H—'3C sites of electron donor P and acceptor A, in HbRCs obtained experimentally at 243 K (A),
along with an illustration of order parameter patterns on the cofactor structures, showing donor (a) and acceptor (b) in (B). The order parameters of
the donor and acceptor were obtained experimentally at 215 K (C). The temperature dependence of the order parameter of electron donor (D) and
electron acceptor (E)

parameter of 0.75, and several carbon sites, such as CS and C20 provides quasi-static powder patterns®” with the information
of Py, C8 of P, and C10 @, exhibit relatively low order of principal values &,;, 8,,, and &;3 of the CSA tensor. The
parameters, ranging from 0.80 to 0.84, indicating some degree of parameters §,;, indicating the tangential direction, and &,,, the
localized mobility. radial direction of the ring plane, while §;; is aligned

According to Marcus theory, efficient ET systems operating perpendicular to the molecular plane. The described orientation
on an ultrafast time scale, such as picoseconds, are generally of the principal axes frame (PAF) is of consequence for the bond

expected to be rigid. Therefore, the observed “softness” of the
HbRCs, as indicated by the order parameters, might be
surprising, although it reflects slower dynamics than those
associated with the ET process itself. However, the observed
dynamics of CH bonds, spanning from ns to ys time scale, might
play a role in facilitating efficient ET. Our data indicate that in
the HbRC, the overlapping region in the special pair exhibits the
highest mobility, while the donor cofactors show increased
mobility. In PbRC, both the donor and acceptor appear to be

stiffer than HbRCs, and there is no significant difference this functional symmetry break in the PbRC of R. sphaeroides
WT, arigid hydrogen bond between the acetyl group of P of the

energy considerations of the sp>-hybridized, mirror-symmetrical
molecule discussed here. While the in-plane components mainly
involve the 7-electron system, the §;; component is influenced
by the circular shielding currents evoked by the o bonding
electrons. Thus, modifications of the two in-plane principal
components of the quasi-static powder patterns, §,; and &,
provide information on the chemical environment, such as
electronic structure and hydrogen bonding."'> As the origin of

between the donor and acceptor sites.

Probing Reorientations of Electron Donor and Accept- special pair and the His-L168 residue was proposed to cause the
or Cofactors by *C Photo-CIDNP SUPER MAS NMR. The larger anisotropy.”’ The CSA span (), defined as Q = 16, —
CSA tensors allow for insight into electronic structure and 033l, provides information about the conformational dynamics of
dynamics in proteins on the time scale of micro- to the investigated carbon nuclei, as it reflects the fluctuation of
milliseconds."'”'"" The SUPER MAS NMR experiment anisotropic interactions induced by the environment.' "

11532 https://doi.org/10.1021/acs.jpcb.4c04082
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Figure 5. Order parameters S of "H—'3C sites of special pair P, Py, and
acceptor @, in the PbRC of R. sphaeroides WT obtained at a
temperature of 248 K.

In this section, we discuss the CSA span of the aromatic
carbons on the (B)Chl cofactors. The calculated orientations of
the principal axes (8;;, 5,5, 533) on the molecular frame of C1,
C4, C6, C9, C11, and C19 of the electron donor BChl g’ and the
acceptor 8'-OH Chl aj are shown in Figure S14, with similar
profiles for all selected atoms. Therefore, the principal axes of
C1, chosen as representatives of all selected atoms for both the
electron donor and acceptor, are illustrated in Figure 6A. The
comparison of experimental and simulated CSA spans for the
selected aromatic carbons of the donor and acceptor is visualized
in Figure 6B. The fitting parameters are listed in Table 2.

In general, both cofactors (donor: red, acceptor: blue) show
similar forms of CSA at all selected carbon positions (see Figure
6B) of the donor and acceptor macrocycles. Only two carbon
positions, C4 and Cl11, show distinct patterns between the
electron donor and the acceptor. For C4, which is a part of ring
A, the difference in |6,, — &,,! is similar between the donor (C4P:
94.0 ppm) and acceptor (C4Ay: 92.7 ppm). However, there is a
significant difference in the CSA span, with 122.0 ppm for the
donor and 153.3 ppm for the acceptor, indicating environmental
differences in both cofactors. This distinction may be attributed
to the overlap of two electron donors, particularly in ring A,
forming the special pair supermolecule with a common
electronic structure. Conversely, for C11, there is a notable
difference in I5,; — 8,,| (C11P: 121.3 ppm, C11A,: 87.8 ppm),
reflecting electronic structure differences between the two
cofactors. We discuss this in detail with regard to the dynamics in
the following.

Specifically, the CSA spans (see Figure 6B and Table 2) of C6
for the electron donor and acceptor are similar (C6P: 170.4
ppm; C6A,, 167.8 ppm). However, C4 and C9 in the electron
donor (C4P: 122 ppm, C9P: 134.5 ppm) are smaller than those
in the electron acceptor (C4A,: 153.3 ppm, C9Ay: 155.9 ppm),
suggesting increased conformational mobility in the electron
donor. Both atoms connect a pyrrole ring with a methine bridge
and lie on opposite sides of the macrocycle. It might be that in
the case of the donor, a “dynamic kink” can be found here. One
could imagine that the donor cofactor shows dynamics similar to
that of an open book: two hard covers connected by a hinge. In
this region, the two electron donors overlap, here higher

electron-spin density in the donor triplet has been observed in
this region”” (see also Figure 11D). However, the origin of the
observed dynamics at C9 can be differently interpreted since the
electronic environments, due to the interaction with the
neighboring C8, differ between the donor (P) and acceptor
(Ag)-

The CSA span of carbons C1, C11, and C19 is substantially
larger at the donor, indicating a greater conformational rigidity.
Conversely, the acceptor in this region appears to be rather
dynamic. The most mobile carbon in the acceptor is CI11
(illustrated in Figure 6C(b)), correlating with the highest
electron spin density region in the radical anion state. Since it is
pointing toward the next electron acceptor (Fx),”> both its
charge density as well as its dynamics might be relevant for
further ET. The 6 carbons C1, C4, C6, C9, Cl11, and C19 of
both, donor and acceptor have a similar CSA span (mean: 157.2
+ 26.5 ppm for the donor, 153.9 + 12.4 ppm for the acceptor).
While the donor shows a large standard deviation of the CSA
spans, the acceptor shows a smaller standard deviation of the
CSA spans which might hint at uniformly distributed conforma-
tional dynamics of the carbon nuclei in the electron acceptor, as
illustrated in Figure 6C(a,b).

Hence, in the overlapping region within a donor’s special pair,
potentially vital for regulating redox potential and electron
pumping, we observe both high dynamics and spin density. This
is also consistent with DIPSHIFT data on protonated carbons,
as CSP on the methine bridge in the overlapping region of the
donor was found to be the most mobile position. Furthermore,
the location of the most mobile carbon in the electron acceptor
coincides with the ET pathway leading to the terminal acceptor,
providing further evidence of these connections.

13C Spin—Lattice Relaxation Time by Photo-CIDNP
MAS NMR Saturation Recovery. A further approach to probe
the local dynamics of cofactors of RCs is based on the
measurement of T, relaxation values.’”’® T, relaxation, also
called longitudinal relaxation, is sensitive to motions on the pico-
to nanosecond time scales””® caused by dipolar and CSA
interaction exploring the fastest motions detectable by solid-
state NMR experiments. Relaxation kinetics is magnetic field
dependent.””''* In the present work, we limit ourselves to the
results obtained at 9.4 T. The extracted T values are presented
in Figure 7 and saturation curves are shown in Figures S15—S17.

Figure 7 compiles the T’ relaxation times of various carbons of
the donor (red) and the acceptor (light blue) of HbRCs as well
as that of the acceptor (dark blue) in the PbRCs of R. sphaeroides
WT. Solely the three donor signals of C1, C6, and C19 of
HbRCs provide sufficient peak area for determination of a T
value. The T, relaxation times of the few donor carbons of the
HbRCs which were observed range between 0.9 and 1.9 s. In
previous work,”> we have shown that the solid-state photo-
CIDNP effect of the donor carbons in HbRCs is due to the
dominance of the DR over the TSM mechanism leading to
positive (enhanced absorptive) signals from the donor and a
very short T, time. Hence, T, values from donor carbons of
HbRCs do not contain useful dynamic information.

Also, the T relaxation times of the carbons of the acceptor of
HbRCs are unusually short with the exception of C16A,. A
comparison with the T data of the acceptor in the PbRC from
the R. sphaeroides WT reveals a significant difference.
Specifically, for the same carbon positions (C3, C6, C8, Cl11,
C13, C17,and C19) in the [4-'*C]-5-ALA-labeled RCs, HbRCs
exhibit T relaxation times ranging from 6.6 to 11.4 s, whereas
the carbons in the acceptor of the PbRC from R. sphaeroides WT
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Figure 6. Representative orientations of the principal axes on the molecular frame of C1 for both the electron donor and the acceptor in a HbRC (A).
Comparison of powder spectra of individual **C nuclei obtained as cross-sections from experimental photo-CIDNP SUPER MAS NMR spectra (thin
line), acquired at a MAS frequency of § kHz, field strength of 9.4 T, and 243 K, with CSA powder patterns simulated using SIMPSON (thick line) (B).
Figuratively assembled presentation of the dynamics of electron donor P (a) and acceptor A, (b) of HBRC based on of the '*C CSA span (C). The data

sets are provided in Table 2.

have T, values ranging from 9.1 to 15.6 s. The patterns of the T
relaxation time of the electron acceptor in both RCs are
provided in Figure S21. This difference between the two RCs is
remarkable since in both systems the hyperpolarized signals are
arising from the electron acceptors and the enhancement is
attributed to the TSM mechanisms.”>*” The observed reduction
of T times of the acceptor carbons in HbRCs may be attributed

11534

to the presence of the reduced iron—sulfur cluster [4Fe—
48]",* %115 acting as a paramagnetic species in HbRC. This
cluster is located within a distance of 11 A (edge-to-edge) and 17
A (center-to-center) from the electron acceptor. This proximity
can induce reduced relaxation times due to the paramagnetic
relaxation enhancement (PRE) effect. The PRE effect on the
nuclear spin system is driven by the dipolar coupling between

https://doi.org/10.1021/acs.jpcb.4c04082
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Table 2. Line-Shape Parameters Obtained by Simulation Using SIMPSON of the Experimental '*C CSA Spectra Obtained from

the Photo-CIDNP SUPER MAS NMR Experiments”

carbon no. o Oy 033
electron donor C4P 220.8 126.8 98.8
cé6p 274.7 119.5 104.4
cor 223.7 130.2 89.2
Cl1p 236.9 115.6 86.7
c19p 281.8 139.0 88.6
C1P 260.2 117.9 87.5
electron acceptor C4 A, 231.2 138.5 77.9
C6 A, 252.9 123.7 85.1
C9 A, 237.5 117.4 81.6
Cl1 A, 220.7 132.9 88.0
C19 A, 269.2 142.1 108.3
Cl A, 250.4 121.1 100.7

Oiso span Q 5anisob n° 161, — 05l
148.8 122.0 72.0 + 1.0 0.39 + 0.05 94.0
166.2 170.4 108.5 + 1.0 0.14 + 0.05 155.2
147.7 134.5 76.0 + 1.0 0.54 + 0.05 93.5
146.4 150.2 90.5 + 1.0 0.32 + 0.05 121.3
169.8 193.2 112.0 + 1.0 0.45 + 0.0 142.8
155.2 172.8 105.0 + 1.0 0.29 + 0.0 142.3
149.2 153.3 82.0 £ 1.0 0.74 + 0.0 92.7
153.9 167.8 99.0 + 1.0 0.30 + 0.0 129.2
145.5 155.9 92.0 + 1.0 0.39 + 0.05 120.1
147.2 132.7 73.5+ 1.0 0.61 + 0.05 87.8
172.2 163.9 96.0 + 1.0 0.38 + 0.05 127.1
157.4 149.7 93.0 + 1.0 0.22 + 0.05 129.3

“Signals are assigned to *C atoms of either the primary electron donor (P) or electron acceptor (A,) cofactor. The principal values &}, 5,5, and 855,
the isotropic chemical shift &, the reduced anisotropy J,,;;, and the CSA span  are given in ppm units. Furthermore, dimensionless value 7 is the
asymmetry parameter. b8 i = 161, — 83, “Asymmetry parameter # = |8;; — 6,/16;; — &,,,|. The errors represent the uncertainties derived from

aniso

the five best fits for the powder pattern, with +1 ppm for J,,, and +0.05 for #.
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Figure 7. T relaxation times of '*C nuclei of the primary donor P
(BChl g'), and acceptor A, (8'-OH-Chl a;) in the HbRCs of Hb.
mobilis, and the acceptor @, (BPhe a) in the PbRCs of R. sphaeroides
WT. The data were obtained at 243 K under saturation recovery,
continuous illumination at 488 nm, and a MAS frequency of 8 kHz at
9.4 T. The saturation curves are shown in Figures S15—S17.

116,117
»*"and

the nuclear spin and the spin of paramagnetic species
it can be induced at distances of up to about 24 A.""®

Hence, comparing T relaxation times allows one to study spin
dynamics, however, does not provide a useful approach to
studying dynamics in the case of HbRCs due to the influence of
the PRE effect.

Spin-Diffusion Kinetics Obtained in Photo-CIDNP

13C-'3C DARR MAS NMR Experiments. Natural spin-
diftusion, according to the concept of Bloembergen,l s
defined as a polarization transfer between homonuclear spins
driven by the dipolar interaction, which is a major mechanism
for longitudinal relaxation processes in solids."*"*" An effective
spin diffusion rate reflects conformational local mobility and the
relaxation effects.'*” In general, one would expect higher rates at
lower fields since the increase of chemical-shift dispersion lowers
spectral overlap. Hence, polarization transfer, as occurring in the
3C—C DARR MAS NMR experiment can be used as a

measure of local dynamics.'”® A previous photo-CIDNP MAS
NMR study on the PbRC of R sphaeroides WT discussed
symmetry break in the local dynamics on the special pair of Py,
and Py by investigating the proton-driven '*C—'*C spin
diffusion profile.'*?

Ideally, the isotope labeling pattern of [3,4,5-'*C]-5-ALA on
HbRC provides a set of strong aromatic signals, inducing
intensity enhancement in neighboring aliphatic carbons, with
one partner being aromatic (producing hyperpolarization) and
the other being aliphatic (receiving hyperpolarization). To this
end, we selected the pairs C13'/C14, C17P/C17', and C18/
C19 on both the donor and acceptor cofactors. The dynamics
probed, based on dipolar interaction, relies on motions
occurring on the micro- to millisecond time scale. Here, we
probe the buildup kinetics relying on spin diffusion by the cross-
peak evolution in two-dimensional *C—'*C photo-CIDNP
DARR MAS NMR experiments as a function of the variation of
the mixing time from 2.5 to 500 ms (obtained DARR spectra are
shown in Figures $19,520).

The intensity buildup curves of the selected direct and two-
bonded spin-pair correlations observed in [3,4,5-'*C]-5-ALA-
labeled membrane fragments at the magnetic fields of 4.7 and 9.4
T are shown in Figure 8. As discussed in our previous study,
the solid-state photo-CIDNP effect on HbRC is strongly
dependent on the magnetic field, showing the dominance of
the DR mechanism arising from the donor at 4.7 T, whereas the
dominance of the TSM mechanism arises from the acceptor at
9.4 T (1D spectra obtained at 4.7 and 9.4 T are shown in Figure
S18). At 47 T, due to the weaker TSM mechanism on the
electron acceptor, only the single pair of C13'A,/C144, is
observed (Figure 8C). Although our data are limited, it appears
that the kinetic profiles of the electron donor and acceptor are
distinguished at different magnetic field strengths. The cross-
peaks of the direct spin pairs of the donor, C17P/C17'P and
C18P/C19P, exhibit faster buildup at 4.7 T, with maximum
intensity at 50 ms, while the cross-peak C13'P/C14P builds up
slower, reaching its maximum intensity at 200 ms (Figure 8A).
This slower buildup behavior of C13'P/C14P can be attributed
to the extended distance in the pair with two bond distance.
Indeed, the two direct spin pairs, C17P/C17'P and C18P/
C19P, exhibit almost identical profile. Hence, the difference in
the profile seems to depend mainly on the spatial distance of the
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Figure 8. Buildup kinetics of cross-peak intensities of selected '*C—"3C spin pairs. These curves are obtained from cross-peaks at various mixing times
in photo-CIDNP C—"3C DARR MAS NMR experiments obtained from [3,4,5-'*C]-5-ALA-labeled membrane fragments of Hb. mobilis buildup
curves of three selected nuclei spin pairs at the electron donor at 4.7 T (A), buildup curves of the same pairs at 9.4 T (B), buildup curves of the acceptor
at 4.7 T (C), and buildup curves of the same pairs at 9.4 T (D). The light-induced signal intensity was normalized based on the peak area of the most
intense peak. The two-dimensional *C—"3C photo-CIDNP DARR spectra are shown in Figures S19, S20.

two partner nuclei. At a higher magnetic field, at 9.4 T, the decay
of C17P/C17'P and C13'P/C14P cross-peaks is slower than
that at the lower magnetic field, 4.7 T, with the signal intensity
remaining at 500 ms (see Figure 8B). At higher field, spectral
overlap is smaller. Furthermore, the DR mechanism, based on
the transient electronic paramagetism of the donor during its
molecular triplet state which enhances nuclear magnetic
relaxation, is stronger at lower field.

Not surprisingly, the profile of the C13'A,/C14A, cross-peak
of the acceptor, relying on the TSM is similar in both fields
(Figure 8C,D). Additionally, we observe a different profile from
the C17A,/C17'A, cross-peak, building up at a short mixing
time of 2.5 ms (as shown in Figure 8D), which might be due to
the rich proton environment enhancing proton-assisted spin
diftusion.

In conclusion, we realized that the effects of spatial distance,
spectral overlap, and relaxation rule these profiles; however, we
were not able to extract conclusions concerning local dynamics.

Nonplanarity Analysis of Cofactors by Normal-
Coordinate Structural Decomposition. Biological functions
rely on molecular dynamics. As pointed out by Shelnutt,”>**
porphyrin macrocycles show distortions correlating to regulate
their biological function. Conformations of (B) Chls imposed by
a conserved protein environment may also be relevant for
controlling ET and redox properties in natural photosynthetic
RCs.'”* As the principal geometric factor controlling their
physicochemical properties, different forms of “nonplanarity”
have been identified'” which are linked to specific low-
frequency out-of-plane vibrations occurring on the picosecond
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time scale. Here, we present our analysis on the deformation of
electron donor and acceptor cofactors in both the electronic
ground state and the charge-separated radical pair state of the
two RCs.

The NSD method identifies the out-of-plane distortions
observed in porphyrin geometries by identifying the low-
frequency out-of-plane vibrational modes such as saddling (B,,),
doming (A,,), ruffling (By,), and waving (E,(x)) or (Ey(y)) as
well as propelling (A;,) (illustrated in Figure 9A). In the
electronic ground state of the cofactors of the HbRC (Figure
9B,C), the total out-of-plane distortion (D,,,) of the primary
electron donor (0.936 A) exhibits a greater extent compared to
the primary electron acceptor (0.533 A). This trend, indicating
that the donor is more mobile than the acceptor, is consistent
with the DIPSHIFT data, as discussed in the previous section.
Furthermore, ruffling (48%) and waving (x-direction) (22%)
are predominant conformations of the electron donor, while
saddling (44%) and doming (22%) are prominent at the
electron acceptor. Although redox potential is strongly
modulated by the electrostatic effect of surrounding protein
residues,'*® a recent study has demonstrated that the redox
potential of heme models decreases as a function of displace-
ment along the ruffling mode, while the saddling mode elevates
the redox potential.”*** Thus, the increase in redox potential
from the electron donor (+0.225 V)"*”'** to the primary
acceptor (—0.85 V)'*** is related to the deformation of
cofactors within the protein environment.”

Another notable result relates to the size of the cavity formed
by the square between the four pyrrole nitrogens, which is also
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Figure 9. Overview of the low-frequency out-of-plane vibrational modes of the porphyrin rings.”” (A) The vibrational analysis results of the cofactors in
the HbRC obtained using PorphyStruct. The electron donor BChl g’ (B) and the acceptor 8'-OH-Chl ag. (C) cofactors in the electronic ground state as
well as the donor BChlg’ (D) and the acceptor 8'-OH-Chl a; (E) cofactors in the radical-pair state. The top row displays the molecular structure and
linear representation of nonplanar distortions, while the bottom row presents a color-coded bar plot indicating the contribution of the different low-

frequency out-of-plane modes.

obtained by the NSD calculations. For all six types of out-of-
plane distortion, the distance between the four central nitrogen
atoms inevitably changes. In particular, the size of the cavity
increases upon doming distortion, while the size of the cavity
shrinks with the ruffing distortion.'”” The size of the cavities in
the primary acceptor (8.329 A%) of the HbRC exceeds that of the
primary donor (7.897 A?). Also, the increase in the cavity size
has been related to an increase in redox potential.'*’

From both cofactors, also the radical-pair state of HbRC has
been analyzed by NSD calculations (Figure 9D,E). The electron
donor remains structurally unchanged after oxidation compared
to the electronic ground state. According to Marcus, a low
activation energy is indeed a prerequisite for efficient ET.'”*°
The electron acceptor, however, becomes flatter after reduction
with the exception of pyrrole ring A, which reduces the
contribution of the saddle mode in particular. The contribution
of the ruffing mode remains similar so that the cavity size
remains constant. The significant structural change of the
electron acceptor upon radical-pair formation might prevent
back transfer by causing a high reorganization energy allowing
for maintaining high efficiency.

To explore the evolutionary implications for bacterial
photosynthetic systems, we compare cofactor deformations of
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the HbRC with those of the PbRC of R. sphaeroides WT. The
results depict the deformation of the three cofactors: P; and Py,
of the donor special pair, and the electron acceptor @, (Figure
10).

While in HbRCs, both halves of the RC are identical and the
ET runs symmetrically over both branches of cofactors, in the
RC of R. sphaeroides, the two halves are structurally and
electronically well distinguished,'”* and the ET occurs
selectively via the A branch."”*’ This functional symmetry
break is also expressed in differences in structural deformation
and vibrational motions between P, and Py, (Figure 10A,B).
The contribution of low-frequency modes is ruled for Py in the
electronic ground state by ruffling, while doming dominates the
motion of Py Interestingly, the total out-of-plane distortion
(DOOP) between these two donors, P; and P, remains constant.

Also in the radical-cation state of the special pair donor, the
electronic structure is asymmetric: the distribution of spin
density in the special pair in the radical-cation state was
determined to be 2:1 P;**/Py"" by 'H ENDOR'** and *C
photo-CIDNP MAS NMR studies. ** According to the NSD
analysis (Figure 10D,E), both donor cofactors undergo small
structural and dynamic changes. Specifically, the total distortion
D,,, of Py increases. Surprisingly, it appears as if the pattern of

oop
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Figure 10. Overview of the low-frequency out-of-plane vibrational modes
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of the porphyrin rings of the three cofactors of the PbRC of R. sphaeroides

WT analyzed by NSD: the donor special pair of P; (BChl a) (A) and Py, (BChl a) (B) as well as the acceptor @, (BPhe a) (C) cofactors along the A
branch in the electronic ground state, and of the donor special pair of P (D) and Py (E) as well as of the acceptor @, (F) cofactors in the radical-pair
state. The top row displays a linear representation of nonplanar distortions of the macrocycle, while the bottom row presents a color-coded bar plot

indicating the contributions of the low-frequency modes.

low-frequency oscillations between the two cofactors is reversed
as a result of the oxidation. One might speculate whether these
observations are related to the functional symmetry break, i.e.,
the asymmetric ET. In any case, the very fast light-induced ET in
PbRCs of R. sphaeroides WT, from the special pair to the BPhe a
cofactor (~3 ps),*® has been reported to be coupled to
coherencies.'**"'*° The ET in HbRCs is significantly slower
(~25 ps),”” and, until now, no coupling to vibrational modes has
been reported. It might be that an acceleration of the ET, and
thus also the improvement of quantum yield, by enhanced
electron—phonon coupling is a later adaptation in the biological
evolution of photosynthetic systems due to specialization of the
two sides of the RCs.

The total distortion dynamics of electron acceptor @, in the
PbRC of R. sphaeroides WT is limited in both, the electronic
ground state (0.497 A) and the radical-pair state (0.490 A)
(Figure 10C,F). Moreover, the changes in structure and
vibrational dynamics are very minor. That is in contrast to the
substantial changes observed in the electron acceptor of HbRC
(Figure 9C,E). This difference might reflect the construction
differences between Type-I and Type-II RCs. In Type-I RCs the
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acceptor side is structurally fixed, i.e., no molecule undergoes
chemical exchange with the environment. As a functional
“molecular diode”, suppressing back-ET, the electron acceptor
A, has been identified. In Type-II RCs, the reduced quinone
molecules exchange with the quinone pool of the membrane.
Although light-induced structural changes of BPhe a'*”"** and
Q. """ are reported, the final electron acceptor Q"""+
undergoes dramatic changes which are called “Kleinfeld effect”.

In any case, in both types of RCs, the acceptor site appears to
be less dynamic than the donor site. Moreover, the dominant
low-frequency vibrational mode is saddling in the electronic
ground-state of both electron acceptors, while ruffling
dominates in the electronic ground-state of the donor cofactors.
It appears that the conserved dynamics observed in these two
photosynthetic RCs are linked to their respective functions of
oxidation for the donor and reduction for the acceptor.'**"** It
also appears that evolution allowed the flattening of the overall
geometry of the cofactors in their electronic ground state. One
might assume that flatting of the porphyrin is related to
tightening of the positively charged nuclear skeleton, allowing

https://doi.org/10.1021/acs.jpcb.4c04082
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A A pattern of mobile 'H-"3C sites
of cofactors in HbRC

(dynamic time scale : ns ~ us)

1H-13G
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C A pattern of mobile 'H-'°C sites
of cofactors in PbRC

(dynamic time scale : ns ~ ys)

B A pattern of mobile aromatic °C sites
of cofactors in HbRC

(dynamic time scale : ys ~ ms)

D Local electron-spin densities for
3C and "®N of cofactors in HbRC

Fx

Figure 11. Pattern of mobile "H—"3C sites of cofactors in the HbRC based on the order parameter S obtained from photo-CIDNP DIPSHIFT MAS
NMR experiments at 243 K (A). A pattern of mobile "*C sites of cofactors in the HbRC based on '*C CSA span obtained from photo-CIDNP SUPER
MAS NMR experiments at 243 K (B). Pattern of mobile 'H—"3C sites of cofactors in the PbRC based on the order parameter S obtained from photo-
CIDNP DIPSHIFT MAS NMR experiments at 248 K (C). Map depicting the local spin density distribution for '*C and '*N of the donor in the triplet
state and the acceptor in the radical anion state in the HbRC was obtained from '*C photo-CIDNP MAS NMR experiments at 243 K and modified
from ref 75 (D). The sphere size represents scaled values based on the order parameter S (blue) and the CSA span (pink), electron spin densities
(green), respectively. Electron pathways are indicated with dashed black arrows and cofactor geometries were taken from the PDB: SV8K for HbRC

and 1M3X for PbRC.

the same electronic architectures to reach a higher redox
potential.

B CONCLUSIONS

Based on "*C photo-CIDNP MAS NMR methodology and
theoretical analysis, the dynamics of the (B)Chl cofactors acting
in photosynthetic ET have been probed at a broad range of time
scales. In particular, we compare ancient HbRCs, photo-
synthetic pioneers, with the more advanced PbRC of R
sphaeroides WT, a precursor of photosystem II. Our attempts
to extract dynamic information from T relaxation and spin-
diffusion data had limited success but backed our conceptual
understanding of the mechanism of the solid-state photo-
CIDNP eftect. Therefore, our dynamics analysis of the cofactor
relies on *C line widths, DIPSHIFT, and SUPER photo-
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CIDNP MAS NMR, which may indirectly report on the tuning
of cofactor dynamics for efficient ET, while the theoretical NSD
analysis can directly reflect the initial ET process. Our main
findings are therefore

e In HbRCs, the donor region is more mobile than the
acceptor region as probed by both DIPSHIFT (dynamics
on the nano- to microsecond time scale) and SUPER
(micro- to millisecond time scale) experiments (Figures
11A,B and S22). These methods detect the molecular
dynamics in the same regions: in the overlapping area of
the donor cofactors as well as in the acceptor region
toward the iron—sulfur cluster Fx. In previous work, these
regions were also detected to carry enhanced electron spin
density in the radical-pair state (Figure 11D).”*

https://doi.org/10.1021/acs.jpcb.4c04082
J. Phys. Chem. B 2024, 128, 11525—-11545
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e In PbRCs of R. sphaeroides WT, the donor and acceptor
are more rigid (see Figure 11C) than in the HbRC
(Figure 11A). This is also consistent with the narrower
line width of the donor signals of the HbRC, which
reflects conformational states averaged by dynamics,
compared to those of the PbRC of R. sphaeroides WT.

e In PbRCs, the DIPSHIFT data show no major difference
in the dynamics of donor and acceptor sites; both are
stiffer compared to those in HbRC. Nevertheless, similar
to the donor in HbRCs, the strongest dynamics in the
donor of PbRCs are observed in the overlap region of the
cofactors, particularly at CS.

e The theoretical NSD analysis, which pertains to the
picosecond time scale directly relevant to initial ET,
shows that in both types of photosynthetic RCs in their
electronic ground state, the donor exhibits more dynamic
behavior than the acceptor. In particular, the dominant
vibrational mode of the donor is ruffling, while saddling
predominates in the acceptor, which is consistent with
their function.

e The slower ET rates from donor to acceptor (~25 ps)*” in
the HbRC compared to those in the PbRCs of R.
sphaeroides WT (~3 ps),*® which may also be associated
with lower efficiency, could be related to the overall
dynamics of the cofactors and the protein matrix. Thus,
during evolution, nature has succeeded in enhancing the
interplay of rigidity and electron—phonon coupling.

e One might speculate that the degree of global protein
mobility does depend on the number of charged amino
acid residues in the protein matrix, which could cause salt-
like rigidity by charged architecture, however, our analysis
based on FASTA data®”'** shows that both RCs contain
about 11% charged amino acids (data not shown).

e It also has been reported that the number of hydrogen
bonds of the donor dimer to the protein matrix strongly
affects its redox potential and ET rates: An increasing
number of hydrogen bonds causes a higher redox
potential and faster ET rates.'** Indeed, the mobile
donor of HbRC has no hydrogen bonds with its
surroundings,”” whereas rigid special pair of R. sphaeroides
WT has one hydrogen bond, leading to a higher redox
potential and faster ET rates.

e In the case of HbRC, the formation of the radical pair
leads to considerable structural changes in the acceptor,
which might hinder retransfer due to a high activation
energy This “diode” function could correspond to the
Kleinfeld effect in PbRCs.

e The stiffer RCs might have enabled a higher oxidative
power (e.g, redox potential of donor: +0.225 V in
HbRCs, >”'** +0.5 V in the PbRC'*>'*°). One might
assume, comparable to a mechanical spring, that higher
stiffness contributes to a spatial confinement of structural
deformations (e.g, by Coulomb forces), while soft
environments escape the buildup of high forces by
structural rearrangements.
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B ABBREVIATIONS

ALA:6-aminolevulinic acid; BChl:bacteriochlorophyll;
CIDNP:chemically induced dynamic nuclear polarization;
CEST:chemical exchange saturation transfer; CODEX:center-
band-only detection of exchange; CSA:chemical shift aniso-
tropy; DARR:dipolar-assisted rotational resonance; DD:differ-
ential decay; DFT:density functional theory; DIPSHIFT:dipo-
lar-chemical shift correlation; DR:differential relaxation;
NSD:Normal-coordinate Structural Decomposition; ET:elec-
tron transfer; EXSY:exchange spectroscopy; fMLF:N-formyl-
methionyl-leucyl-phenylalanine; HbRCs:heliobacterial reaction
centers; Hb. mobilis:Helibacillus mobilis; H. modesticaldum:He-
liobacterium modesticaldum; MAS:magic-angle spinning;
MD:molecular dynamics; NMR:nuclear magnetic resonance;
NSD:normal-coordinate structural decomposition; OD:optical
density; PAF:principal axes frame; PSII:photosystem II;
PRE:paramagnetic relaxation enhancement; PbRCs:puple
bacterial reaction centers; RC:reaction center; R. sphaeroides:R-
hodobacter sphaeroides; SCRP:spin correlated radical pair;
SUPER:separation of undistorted powder patterns by effortless
recoupling; SLF:separated-local field; SWTPPM:sweep-fre-
quency two-pulse phase pulse modulation; TSM:three-spin
mixing; WT:wild type
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