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Abstract 

In contrast to the common viewpoint that bacteriochlorophyll (BChl) motion is largely absent 

within the chlorosome assembly, physics-based modeling points to a crucial role of nanoscale 

librational motion of the macrocycle for the transfer of excitons. To elucidate this motion 

experimentally, compositional uniformity and high sensitivity are required. We focused on 

uniformly 13C labeled chlorosome preparations from the bchQ mutant Chlorobaculum 

tepidum with significantly enhanced structural homogeneity. The librational motion is 

characterized using Rotational Echo DOuble Resonance (REDOR) and in addition, the 

impact of temperature on specific functionalities within BChl molecules is studied with 1-

dimensional and 2-dimensional dipolar and scalar-based MAS NMR measurements. Results 

show the gradual freezing of the tails and side chains of the BChls with decreasing 

temperature. However, the librational motion analysed by measuring the 5C-H dipolar 

coupling strength obtained from REDOR datasets persists at different temperatures. REDOR 

simulations show a close match to the experimental dephasing frequency of oscillation for a 

dipolar coupling strength of 17.5 ± 0.5 kHz which is considerably less than the dipolar 

coupling strength of 22.7 kHz in the rigid limit. Following a two-site jump model we arrive at 

an estimate for BChl libration sampling at an angle of θ = 48 ± 4°, corroborating that 

the macrocycle indeed experiences significant librational motion on a time scale that is short 

compared to the NMR measurement time. This finding is in full quantitative support of the 

dominant rotational motion exhibited by the BChl macrocycle estimated from early MD 

simulations.  

 

 

 

  



 
 

3.1 Introduction 

The first step of photosynthesis involves capturing photons and converting them into usable 

chemical energy. In green bacteria, light harvesting is carried out by chlorosomes.1 The 

captured light energy is transferred to the FMO complex through the baseplate and then to the 

reaction centre, where charge separation occurs.2 The green sulfur bacterium Chlorobaculum 

tepidum (Cba. tepidum) is particularly effective at this conversion in low light conditions, 

present hundreds of meters below the surface of the water in the Black Sea.3–5  

Chlorosomes are antenna organelles that are on average 100-200 nm in length and 50-60 nm 

in diameter, containing bacteriochlorophyll c (BChl c) as the main pigment. There is 

converging evidence that the BChl c in chlorosomes self-assembles into syn-anti parallel 

stacks that form curved sheets and concentric tubes, without the involvement of proteins in 

the aggregation.1,6,7 The suprastructure is induced and stabilized by interactions between the 

chromophores, such as coordination of Mg2+ with the 31-hydroxyl groups between the two 

neighbouring BChls, hydrogen bonding between 131 carbonyl groups and 31 hydroxyl 

groups, pi-pi stacking interactions between chromophores, as well as hydrophobic 

interactions of the tails.8,9 The structure and composition of chlorosomes vary depending on 

the growth conditions, making them challenging to understand. Because chlorosomes are 

heterogeneous and radiation sensitive, they are not amenable to study by X-ray or other 

diffraction methods. Various techniques, such as cryo-EM, solid-state NMR, and optical 

spectroscopy, have been combined to provide an experimental basis for structure 

determination, leading to a bottom-up, multi-scale computational model of the chlorosome as 

a tubular plastic crystal composed of syn-anti parallel stacks.9–12   

The structure of the BChls in chlorosomes from a bchQ null mutant of Cba. tepidum for 

convenience, we will hereafter refer to these chlorosomes as “bchQ chlorosomes’’ was 

recently determined by Dsouza et al. It is the starting point of the current study because it is 

primarily composed of a single [8Ethyl, 12Ethyl] BChl c homolog, rendering it significantly 

more homogeneous than the wild type (WT) chlorosomes from this organism.13 In the earlier 

work, we obtained preliminary insights on the dynamics of BChls at room temperature.12,13  

We observed rigid stacks but the tails attached to the BChls and tetrapyrrole side chains 

showed some flexibility. The rigidity of the stacks would align with the plastic crystalline 

character due to the limited librational motion proposed by modeling.12,13 The specific aims 

of this study are to investigate if the librational motion of the BChl c molecules is observed 

for bchQ chlorosomes within the rigid syn-anti parallel stacking motifs, determine with 
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Magic Angle Spinning (MAS) NMR the angle over which limited librational dynamics of the 

oriented BChl c macrocycles occurs, and show that libration persists over the accessible 

temperature range. We also show that the libration contrasts with the dynamic behaviour of 

the farnesyl tail and side chains of the tetrapyrrole ring, which can be frozen out by 

decreasing the temperature.  

In our previous study, we have shown that it is possible to resolve site-specific dynamics of 

chlorosomes using MAS NMR 1H-13C polarization transfer dynamic spectral editing 

(DYSE).13 This method helped us to reduce spectral crowding by selectively detecting 

molecules with dynamics within a specific frequency range while filtering out other 

signals.14,15 In our current study, we used similar experimental techniques but at varying 

temperatures. To further resolve the signals, we made use of 2-dimensional (2-D) 

measurements to determine if there is any effect on the rotational dynamics of the 

macrocycles within the stack. In addition, we used Rotational Echo Double Resonance 

(REDOR) to quantify the dipolar coupling strength. This measurement provides direct access 

to the amplitudes of librational motion by scaling dipolar couplings through partial motional 

averaging.16  

The syn-anti BChl c parallel stacks in chlorosomes are held together by nonbonding pi-pi 

stacking interactions and distinct hydrogen bonding configurations that are distributed 

randomly over the structure.17 The plastic crystalline character is thought to be due to a 

rotational degree of freedom of individual BChl c pigments within a quasi-crystalline 

packing. This combination of static and dynamic characteristics is believed to generate 

dynamic level crossings in the exciton manifold of states and transient quantum coherence for 

ultra-fast interconversion of states, which is the cause of the ultrafast energy transfer in 

chlorosomes.12,18 To investigate the rotational motion of the BChl c within the stack, we 

utilize a direct measurement of the dipolar coupling between a C-H pair at a meso-position of 

the macrocycle using REDOR. The 5C-H meso-position is chosen because it is well resolved 

from other carbons which is a favourable condition for REDOR measurements. Librational 

movement of the macro aromatic cycle in the BChl c is expected to partially average the 5C-

H heteronuclear dipolar coupling.19 Since REDOR gives direct access to dipolar coupling 

strength, we thus probe the dipolar coupling and compare it to the value expected in the case 

of complete rigidity.16,20,21  REDOR is a robust technique because of its ease in experimental 

setup, limited susceptibility to RF field inhomogeneities, and easy extraction of the dipolar 

coupling strength from the NMR data. It is often used as a technique for the measurement of 

dipolar coupling strength and dynamics.22–30   



 
 

The application of REDOR is not straightforward for the study of abundant, strongly coupled 

1H spins.16,21 However, recently REDOR was successfully applied in combination with rapid 

spinning to measure many individual 1H-13C dipolar couplings and address their scaling in 

uniformly 13C labeled model protein with REDOR simulations of single C-H spin pairs.31 For 

our system, a sparse density of protons for the highly unsaturated BChl macrocycles in the 

vicinity of the 5C-H moiety offers a window of opportunity to use REDOR for probing C-H 

dipolar coupling strength without deuteration.32 Due to the relatively sparse proton network, 

the impact of homonuclear dipolar contributions on determining accurate dipolar coupling 

strength is limited. 31 

 

3.2 Materials and Methods 

3.2.1 Sample Preparation 

Cba. tepidum bacteria were grown in high-light conditions according to procedures given by 

Tian et al.33 The chlorosome sample for NMR was prepared by the methods described by 

Dsouza et al. and was filled in 1.3 mm and 3.2 mm zirconium rotors for NMR 

measurements.13 

3.2.2 Solid-State NMR Measurements 

MAS NMR experiments were conducted on freshly prepared bchQ chlorosomes uniformly 

labeled with 13C isotopes. The magnet AV-750 MHz (17.1 T) was equipped with a state-of-

the-art Avance Neo console (Bruker, Billerica, MA, USA). The 1-D and 2-D measurements 

were carried out using a 3.2 mm E-Free probe equipped with HCN channels. The spinning 

frequencies used for the measurements are 20 kHz and 11 kHz, respectively, at the magic 

angle. The temperature range for investigating the dynamics was measured with a 

thermometer in the probe and was 207 K to 277 K, which corresponds to sample 

temperatures of ca. 235 K to 282 K. 1-D Cross Polarization (CP) and Insensitive Nuclei 

Enhanced by Polarization Transfer (INEPT) measurements were performed with 1k scans. 

The recycle delay was set to 2 s for CP, while the delay periods were set to 1.75  (ms) and 

1.15 ms for INEPT. The proton π/2 pulse length for CP was 2.5 μs, corresponding to a 100 

kHz rf amplitude. 13C-13C Proton Driven Spin Diffusion (PDSD) NMR data were collected 
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with 256 scans for each trace in the t1 dimension, using a 13C-13C  mixing time of 25 ms at 

temperatures of 235 K and 282 K. SPINAL-64 decoupling was applied during the t2 

acquisition period.34 A 13C-13C INEPT-TOtal through Bond correlation SpectroscopY, also 

known as (TOBSY) experiment shown in Figure 3.3 b) was performed with the sample in a 

3.2 mm rotor at the magic angle in a Bruker Avance III 700 (16.4 T) spectrometer, employing 

a TOBSY mixing time of 6.5 ms and 𝑃96
1-TOBSY mixing symmetry was used.35 

The temperature was calibrated from the thermosensitive chemical shift of a sample of KBr. 

Signals from 79Br were produced and gathered at a frequency of 188 MHz through π/2 direct 

excitation and acquisition with a single scan. The temperature within the MAS stator and 

rotor was controlled by adjusting the external VT gas flow. Temperature calculations were 

performed according to the methods outlined in the reference.36  

13C{1H}REDOR data were recorded from a 1.3 mm rotor spinning at 50 kHz at a probe 

display temperature of 255 K, 268 K, and 282 K which corresponds to sample temperatures 

of ca. 288 K, 299 K, and 313 K, respectively at the magic angle in a Bruker AV-750 (17.4 

T).36 The CPMAS spectra were obtained with a π/2 pulse width of 1.5 ms, a contact time of 2 

ms, and a recycle delay of 2 s. The pulse widths for the 13C and 1H π pulses during REDOR 

were 10 μs and 3.0 μs, respectively. The pulse sequence used for REDOR can be found in the 

supplementary information in Figure S3.1 For phasing, the XY-8 scheme was used.37 The 

data was processed and analysed using TOPSPIN and the simulations were conducted using 

SIMPSON.38 To estimate the Euler angles for the BChl, SIMMOL VMD was used.24,39 The 

estimated Euler angles were 0, 98.58, and -25.11. For the SIMPSON simulations, the rep 320 

crystal file was used for powder averaging.38 

 

3.3 Results 

3.3.1 Temperature Dependence of the BChls in bchQ Chlorosomes using 1-D NMR 

Spectroscopy 

MAS NMR is a powerful and unique technique for studying the structure and dynamics of 

supramolecular aggregates.40,41 In this paper, datasets were collected at temperatures ranging 

from 235 K to 282 K using CP and INEPT techniques. Figure 3.1 b) shows CPMAS spectra 

collected at different temperatures. The aliphatic region between 0-60 ppm mainly contains 

overlapping farnesyl tail carbon resonances and the response from the side chains of the BChl 



 
 

macrocycle. The 1-D spectra display peak splitting for the 71C and 5C, which serve as 

reference points to illustrate the two signal conformations within the system that have been 

attributed to a major component (I) of H-bonded and a minor component (II) of non-H-

bonded BChls.17 Signals in the 70-80 ppm region are attributed to galactolipids like 

monogalactosyldiacylglycerol (MGDG).7,42 The aromatic region includes methine carbon 

resonances for the 5 and 10th carbon atoms, while the 170-200 ppm region contains carbonyl 

signals. A small shoulder at 176 ppm which is associated with the 173C response at 173 ppm, 

could be attributed to a carbonyl signal from proteins in the lipid envelope. The BChl 131 

carbonyl peak is at 196 ppm. With decreasing temperature, CP intensities gradually increase 

due to enhanced CP efficiency caused by decreased dynamics of the molecules as shown in 

Figure 3.1 b). The 13C in the lipids surrounding the BChls in the chlorosome show a broad 

response around 30 ppm, which includes unresolved resonances from CH2 groups and a weak 

signal at 32 ppm. Lipids resulting in different 13C chemical shifts for the acyl chain carbons 

can adopt all-trans or trans-gauche conformations. The small weak signal at 32 ppm 

corresponds to CH2 carbons of lipids in the all-trans conformation, while the main peak at 30 

ppm represents the carbons of lipids in the trans-gauche conformation. This type of 

behaviour was also demonstrated by Azadi et al. for thylakoid membranes.43 Unlike other CP 

signal intensities that decrease at higher temperatures due to increased molecular dynamics, 

the intensity of the trans-gauche lipid peak at 30 ppm increases with temperature. This 

observed increase may suggest the occurrence of all-trans to trans-gauche isomerization at 

elevated temperatures for chlorosome lipids.44  
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Figure 3.1 a) Chemical structure of [8Et, 12Et] BChl c with IUPAC numbering. b) stacked 

plot of CPMAS spectra collected at 282 K (Red), 275 K (Orange), 268 K (Yellow), 262 K 

(Green), 255 K (Pink) 248 K (Cyan), 241 K (Blue) and 235 K (Black) while spinning at 20 

kHz. A horizontal and vertical offset of 10 ppm has been applied to every trace to improve 

visibility.  



 
 

Figure 3.2 shows INEPT datasets collected at the same temperatures as the CP datasets 

shown in Figure 3.1 b). The signals that are less enhanced by CP are enhanced by INEPT at 

higher temperatures. We observe the freezing of these signals at 235 K. At this temperature, 

the differences between INEPT intensities and CPMAS signal strengths are indicative of 

restricted mobility arising from the immobilization of BChl mobile segments and the lipids 

surrounding it. As the temperature increases, the INEPT intensities gradually increase, 

signifying an expansion in the fraction of BChl mobile segments and mobile lipids 

surrounding them. This observation underscores the impact of temperature on the dynamic 

behaviour of carbon resonances and the associated mobility of molecular constituents within 

the system. For the INEPT signals that are present at room temperature, the intensity is 

reduced as the temperature is decreased. They can be attributed to the resonances from the 

aliphatic region, including carbon resonances from the farnesyl tails, such as F1, F2, F31, F4, 

F5, F7, F71, F8, F9, F10, F11, F111, F12, side chains attached to the BChl macrocycle, such 

as 21, 32, 71, 201, and the lipids from the envelope surrounding the BChl supramolecular 

assemblies.13   

 

Figure 3.2 Overlaid INEPT spectra at 282 K (Red), 275 K (Orange), 268 K (Yellow), 262 K 

(Green), 255 K (Pink), 248 K (Cyan), 241 K (Blue) and 235 K (Black) recorded in a 3.2 mm 

rotor spinning at 20 kHz. A 10 ppm horizontal and vertical offset has been applied to the 

traces to improve visibility.  
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3.3.2 Two-Dimensional NMR Spectroscopy on Chlorosomes  

2-D homonuclear dipolar measurements are commonly used in the field of solid-state NMR, 

since they help in assigning signals and obtaining geometrical information about a molecule 

by recording the transfer of polarization among spins.45 To validate the 1-D findings,  we 

performed 2-D NMR to observe the effect of temperature, as it provides better resolution 

compared to its 1-D counterparts. The dynamics of BChls inside chlorosomes were 

investigated using a homonuclear 13C-13C spin diffusion-based experiment, where 

polarization is transferred by utilizing dipolar couplings.46 PDSD is a versatile technique 

when the sample is uniformly labeled and dipolar truncation is present.45  

 

 

Figure 3.3 a) Overlaid 13C-13C PDSD spectra of chlorosomes obtained at 25 ms mixing time 

at 235 K (Black) and 282 K (Red). It shows the cross peaks for immobilized segments. b) is a 

13C-13C INEPT-TOBSY spectrum of chlorosomes from Cba. tepidum obtained at 6.5 ms 

mixing time at 282 K, showing cross peaks for dynamic residues. 

 

Figure 3.3 a) shows the PDSD data sets collected from a uniformly labeled bchQ chlorosome 

sample preparation at 282 K (Red) and 235 K (Black) with an 11 kHz spinning frequency. 

With PDSD, the radio frequency field is switched off during the mixing time, and transfer 

proceeds faster at a lower spinning frequency.45 In PDSD, the transfer of polarization 

between carbon nuclear spins proceeds by an overlap between 13C signals, which is facilitated 

by dipolar broadening from the surrounding protons. The rate of this transfer depends on the 



 
 

dipolar interactions between the 13C spins and their interaction with the surrounding protons. 

Interestingly, at lower temperatures many cross peaks show increased intensity. In addition, 

cross peaks are observed that were not present at higher temperatures, for 13C resonances 

from the tails and side chains of the BChl macrocycle with similar chemical shifts, such as 

F7/F12, F11/F12, F6/F31, F1/F2, 32/21, 173/F4, 171(2)/17(18) F9/F11, F10/F71, 20/171. The 

increase in cross-peak intensities at lower temperatures is attributed to the freezing of the 

dynamics that modulate the strength of the dipolar couplings. In contrast, increasing 

temperatures enhance the mobility in the system. This leads to partial motional averaging of 

the dipolar couplings, resulting in weaker dipolar couplings and fewer cross peaks for tail 

carbon resonances and side chains attached to the BChl macrocycle.47  

The two H-bonded and non-H-bonded BChl 5C-H resonances at 95 and 101 ppm, 

respectively, appear preserved at the ms time scale of the PDSD experiments in Figure 3.3 a). 

Chemical exchange between H-bonded and non-H-bonded BChls and associated line-

broadening, cross-peaks, or averaging over the two signals was not detected over the 

temperature studied. This leads us to conclude that the H-bonded and non-H-bonded fractions 

are conserved on all NMR time scales.  

We used a J-based INEPT-TOBSY technique to selectively detect molecules and fragments 

subject to rapid motion.48 Figure 3.3 b) shows an INEPT-TOBSY dataset recorded at 282 K, 

which is the temperature where the INEPT signal was strongest in the 1-D spectra (see Figure 

3.2). In this spectrum, we observe intra-molecular cross-peaks between F1/171, 122/132, and 

F5/F4. The unassigned cross peaks may be attributed to lipids surrounding the BChl 

aggregates. These cross peaks are not visible in the 2-D spectra based on dipolar interactions 

at 282 K. However, they do appear at lower temperatures, see Figure 3.3 a). A comparison of 

both spectra reveals that most of the cross-peaks are visible in dipolar-based spectra, while 

only a few are seen in J-based spectra. This suggests that the rings and stacks are crystalline 

and side chains and tails show some flexibility, which supports our idea of the plastic crystal 

nature of the concentric tubular BChl self-assemblies in chlorosomes that are separated by 

tail regions with high flexibility between the tubes.  

3.3.3 Probing Rotational Motion of the Macrocycle  

A plastic crystal is a material that has a local orientational or conformational degree of 

freedom.12 Extensive modeling of chlorosome assemblies points to libration, rotational 

motion of the BChl macrocycles, as a distinctive dynamic mode of central importance for the 
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light-harvesting function.12,17,18 This libration is a persistent and partially restricted motion 

that cannot be probed directly using the PDSD or TOBSY sequence due to limitations in the 

time resolution of NMR. Therefore, to resolve this motion, we investigated the strength of the 

5C-H dipolar coupling with 13C{1H} REDOR dephasing experiments.32,49–52 This technique 

allows one to estimate how the libration reduces the dipolar coupling by partial averaging. 

We see from the CP versus INEPT results that the dynamics in other parts of the BChls in the 

chlorosome are frozen and show strong temperature dependence in the considered 

temperature range, but that libration persists for all temperatures. Consequently, we 

performed REDOR at three different temperatures. 

REDOR operates by reintroducing the heteronuclear dipolar couplings that are averaged out 

due to MAS through the application of π pulses every half a rotor period to refocus the 1H-

13C heteronuclear dipolar coupling. This results in dipolar dephasing of the 13C, which causes 

a decrease in the intensity of the observed signal.53 The data are collected through two 

consecutive experiments, one with and one without π pulses, resulting in SR and S0 datasets 

that represent dipolar dephasing and natural dephasing, respectively. The variations in 

intensity for the difference between these two datasets allow one to extract the dipolar 

coupling strength by comparing it with simulations of the REDOR process. Figure 3.4 

displays the experimental and simulated 13C{1H} REDOR dephasing (ΔSR/S0) as a function 

of evolution time in μs for the 5C-H pair while spinning at 50 kHz. The REDOR curves at 

299 K and 313 K can be found in Figure S3.4. For the analysis, we focus on the frequency of 

the dipolar oscillation and compare the experimental data and simulation considering the 

dephasing curve over a time of up to 350 µs for measuring the directly bonded 13C-1H spin 

pair.32 We used short evolution times to probe the dipolar coupling for the CH pair with no 

nearby protons present as to keep the deviations from the ideal oscillation profile minimal.31 

Longer evolution times are not considered, as the 13C-1H spin interactions from distant 

protons become dominant.  

 



 
 

 

Figure 3.4 shows the 13C{1H} REDOR dephasing as a function of time in µs for the 5C-H 

pair (see Figure 3.1 a) for the chemical structure of BChl at 288 K where the carbon resonates 

at 95 ± 0.5 ppm shown with a cubic spline (Black curve) through the experimentally obtained 

data (Black filled squares). The simulations are shown in Red (filled Red circles and cubic 

spline interpolation curve) where the frequency of oscillation matches the experimental 

curve.  

 

The fast internal motions can be described by an order parameter S=δexp/δrigid, which 

quantifies the extent of spatial restriction of the motion.21  A match between simulated and 

experimental REDOR dephasing frequency of oscillation is found for a dipolar coupling 

strength δexp =17.5 ± 0.5 kHz. This is considerably less than the dipolar coupling strength 

δrigid = 22.7 kHz in the rigid limit, and we obtain S = 0.77 ± 0.03. This can be used to estimate 

a libration angle θ = 48 ± 4⁰ using a two-site jump model following Schanda and Ernst21 

according to 𝑆2 =
1

4
(3 cos2 𝜃 + 1). As a reference rigid limit value for the one bond C-H 

coupling, we used the previously determined 22.7 kHz corresponding to a C-H bond length of 

1.10 Å.31,54 The results obtained for 299 K and 313 K also match the value for libration angle 

θ extracted for 288 K, which provides evidence that the libration persists over this 

temperature range, in line with earlier findings obtained via MD simulations.12,17 
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3.4 Discussion 

The proposed mechanism for the suprastructure of the BChl pigments to resolve structural 

frustration is by enabling rotational disorder in the plane of the macrocycle. The two 

conformations in the system, which are observed in NMR as peak splitting,7,9 have been 

attributed to H-bonded and non-H-bonded BChls and are static on the scale of NMR, i.e. we 

see two separate and narrow signals on the diagonal, without cross-peaks from chemical 

exchange.12,17,18  

Recent advancements in MAS NMR have shown the significance of utilizing both dipolar 

and J-based pulse sequences to investigate the dynamics of the molecules on different time 

scales.55 We adopted this strategy and successfully gained a comprehensive understanding of 

the dynamics of chlorosomes, which inspired us to further explore the dynamic rotational 

disorder of the BChl macrocycles, in particular the fluctuation about the H-bonded 

conformation, to make a connection between the experimental and computational studies.12 

3.4.1 Dynamics in the Chlorosomes according to 1-D NMR Spectroscopy 

Most of the NMR signals of chlorosomes are visible in the CP-based spectrum, while only a 

specific set of signals can be observed in the INEPT J-based spectrum.13 The INEPT data sets 

display signals related to large amplitude motions occurring on a picosecond (ps) to 

nanosecond (ns) timescale, primarily in the aliphatic region of the chlorosome response 

where carbon resonances from side chains and the farnesyl tail of the BChl macrocycle are 

present. No abrupt changes in the intensities of CP and INEPT are observed across the 

temperature range that would suggest a phase transition from freezing. Instead, the 

temperature curves indicate a gradual increase in the dynamics and an overall rise in site-

specific dynamics of the chlorosome BChls at higher temperatures on both fast ps to ns and 

slow ms time scales of the fast and the slow BChl components, and progressive isomerization 

of the lipids surrounding the BChl. The lipid dynamics appear decoupled from the 

macrocycle dynamics. The BChl 13C response in the CP spectra is well in line with the tightly 

packed nature of the BChl rings and the plastic crystallinity of the stacks forming the tubular 

BChl suprastructure in the chlorosomes, where the BChl macrocycles exhibit restricted 

dynamics in an overall crystalline packing. The BChls in chlorosomes take the form of 

concentric cylindrical structures, and variations in energy between super-radiant states due to 

different curvature and hydrogen bonding patterns result in dispersed exciton states.11 Due to 



 
 

the dynamics in the system, the exciton states will undergo level crossing and may be prone 

to quantum instabilities.56 As the temperature decreases, the packing of the BChl macrocycles 

becomes restricted, while the libration persists.  

3.4.2 Dynamic Study according to Dipolar-Based and Scalar-Based 2-D NMR Spectroscopy. 

Solid-state 2-D NMR experiments are a reliable and widely used methodology for studying 

the structure and dynamics of a system. Proton-driven spin diffusion experiments are useful 

when the sample is fully labeled and are highly effective in detecting small homonuclear 13C-

13C dipolar couplings over long internuclear distances.45 

Carbons with increased mobility produce weak cross-peaks because increased mobility 

decreases effective dipolar couplings. For a molecule to exhibit intense cross peaks in the 2-D 

MAS spectra, the molecular environment must be rigid and solid.7 Our findings revealed that 

some ring carbon atoms of the BChl pigments in the chlorosome macrocycle and some from 

the farnesyl tail are not visible in the PDSD spectra, due to the ms dynamics seen in the 

BChls. This motion is suppressed when the temperature is lowered, leading to the appearance 

of cross peaks in the 2-D spectra.  

TOBSY is a widely used technique that is combined with dipolar-based experiments to 

investigate both the dynamics and rigidity of a sample simultaneously.14,47,57,58  This 

technique is utilized to study the through-bond 13C-13C connectivity, and the results obtained 

are consistent with the findings from 1-D INEPT measurements, Figure 3.3 b). The improved 

resolution in 2-D spectra allows for the differentiation of 13C connectivity and, consequently, 

dynamics. Additionally, the lipids surrounding the chlorosomes are visible in the INEPT 

based experiments, indicating their prominent level of dynamics.  

3.4.3 Probing Rotational Motion of the Macrocycle  

In the context of probing fast μs-ps dynamics, several routes are possible including the above 

described 1-D CP and INEPT, relaxation measurements, or estimating the dipolar coupling 

strength. The reduction in dipolar coupling strength relative to the rigid limit is in line with 

partial motional averaging due to fast restricted motion.28 For XY-4 phase cycling and its 

extensions, the finite pulses were found to have a minor impact on the dipolar scaling 

factor.37  For the 5C-H in the BChls in chlorosomes, the dipolar coupling was measured for 

the major component and appears partially averaged with S = 0.77 ± 0.03, and we attribute 
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this to the rotational oscillation of the H-bonded BChls in the plane of the macrocycle, which 

partially averages out the dipolar coupling from ca. 22.7 kHz to 17.5 ± 0.5 kHz. A moderate 

scaling of the order parameter to 0.77 ± 0.03 gives an angle between the main tensor axes at 

the two extreme positions of θ = 48 ± 4⁰. This result agrees rather well with the analysis of 

the libration motion of the BChl c by molecular dynamics simulations, see SI, Figure S3.6 b).  

A limited RF amplitude with the application of π pulses on the 1H channel and moderate 

strength of the heteronuclear dipolar coupling can lead to non-ideal REDOR profiles.31 The 

reduction in height of the experimental dephasing curve can be expected for systems with 

extended homonuclear dipole-dipole couplings, while according to simulation studies, the 

initial part of the dephasing profile shows only minor deviations from the ideal profile.31 The 

utilization of the approach with 1H refocusing pulses was favoured over the alternative 

approach with REDOR on the 13C nuclei. Due to rapid spinning, the timing of 13C REDOR 

pulse trains is difficult. The longer duration of 13C π pulses relative to 1H requires much 

longer REDOR periods to avoid continuous RF over the entire rotor period and leads to low 

resolution in the REDOR dephasing curves since few data points can be collected. 

3.5 Conclusion 

We used solid-state NMR spectroscopy on a fully 13C labeled system to investigate the 

dynamics of various parts of a BChl molecule, as well as the rotational mode within the 

BChls of bchQ chlorosomes. Detailed measurement of the dipolar coupling strength allowed 

us to analyse the anticipated rotational motion of the macrocycle. The temperature-dependent 

dynamics of other parts of the BChl molecules were analysed via a combination of NMR 

methods at different temperatures. Our observations are fully consistent with the tight 

packing of the macrocycles in rigid stacks forming the tubes, while the side groups and tail 

exhibit some degree of mobility. From the measurement of the dipolar coupling strength, we 

determine that BChls experience librational motion between two extremes at an angle of θ = 

48 ± 4⁰ within the tightly packed stacks. This finding confirms the plastic crystallinity of 

BChls within chlorosomes proposed earlier based on computational studies.  

 



 
 

References 

(1) Oostergetel, G. T.; van Amerongen, H.; Boekema, E. J. The Chlorosome: A Prototype 

for Efficient Light Harvesting in Photosynthesis. Photosynth Res 2010, 104 (2–3), 245–255. 

https://doi.org/10.1007/s11120-010-9533-0. 

(2) Holzwarth, A. R.; Griebenow, K.; Schaffner, K. Chlorosomes, Photosynthetic 

Antennae with Novel Self-Organized Pigment Structures. Journal of Photochemistry and 

Photobiology A: Chemistry 1992, 65 (1), 61–71. https://doi.org/10.1016/1010-

6030(92)85032-P. 

(3) Overmann, J.; Cypionka, H.; Pfennig, N. An Extremely Low-Light Adapted 

Phototrophic Sulfur Bacterium from the Black Sea. Limnology and Oceanography 1992, 37 

(1), 150–155. https://doi.org/10.4319/lo.1992.37.1.0150. 

(4) Beatty, J. T.; Overmann, J.; Lince, M. T.; Manske, A. K.; Lang, A. S.; Blankenship, 

R. E.; Van Dover, C. L.; Martinson, T. A.; Plumley, F. G. An Obligately Photosynthetic 

Bacterial Anaerobe from a Deep-Sea Hydrothermal Vent. Proceedings of the National 

Academy of Sciences 2005, 102 (26), 9306–9310. https://doi.org/10.1073/pnas.0503674102. 

(5) Prokhorenko, V. I.; Holzwarth, A. R.; Müller, M. G.; Schaffner, K.; Miyatake, T.; 

Tamiaki, H. Energy Transfer in Supramolecular Artificial Antennae Units of Synthetic Zinc 

Chlorins and Co-Aggregated Energy Traps. A Time-Resolved Fluorescence Study ,. J. Phys. 

Chem. B 2002, 106 (22), 5761–5768. https://doi.org/10.1021/jp0125754. 

(6) Orf, G. S.; Blankenship, R. E. Chlorosome Antenna Complexes from Green 

Photosynthetic Bacteria. Photosynth Res 2013, 116 (2–3), 315–331. 

https://doi.org/10.1007/s11120-013-9869-3. 

(7) Balaban, T. S.; Holzwarth, A. R.; Schaffner, K.; Boender, G.-J.; de Groot, H. J. M. 

CP-MAS 13C-NMR Dipolar Correlation Spectroscopy of 13C-Enriched Chlorosomes and 

Isolated Bacteriochlorophyll c Aggregates of Chlorobium Tepidum: The Self-Organization of 

Pigments Is the Main Structural Feature of Chlorosomes. Biochemistry 1995, 34 (46), 15259–

15266. https://doi.org/10.1021/bi00046a034. 

(8) van Rossum, B.-J.; Steensgaard, D. B.; Mulder, F. M.; Boender, G. J.; Schaffner, K.; 

Holzwarth, A. R.; de Groot, H. J. M. A Refined Model of the Chlorosomal Antennae of the 

Green Bacterium Chlorobium Tepidum from Proton Chemical Shift Constraints Obtained 

with High-Field 2-D and 3-D MAS NMR Dipolar Correlation Spectroscopy. Biochemistry 

2001, 40 (6), 1587–1595. https://doi.org/10.1021/bi0017529. 



 

88 
 

(9) Ganapathy, S.; Oostergetel, G. T.; Wawrzyniak, P. K.; Reus, M.; Gomez Maqueo 

Chew, A.; Buda, F.; Boekema, E. J.; Bryant, D. A.; Holzwarth, A. R.; de Groot, H. J. M. 

Alternating Syn-Anti Bacteriochlorophylls Form Concentric Helical Nanotubes in 

Chlorosomes. Proceedings of the National Academy of Sciences 2009, 106 (21), 8525–8530. 

https://doi.org/10.1073/pnas.0903534106. 

(10) Ganapathy, S.; Oostergetel, G. T.; Reus, M.; Tsukatani, Y.; Gomez Maqueo Chew, 

A.; Buda, F.; Bryant, D. A.; Holzwarth, A. R.; de Groot, H. J. M. Structural Variability in 

Wild-Type and BchQ BchR Mutant Chlorosomes of the Green Sulfur Bacterium 

Chlorobaculum Tepidum. Biochemistry 2012, 51 (22), 4488–4498. 

https://doi.org/10.1021/bi201817x. 

(11) Günther, L. M.; Jendrny, M.; Bloemsma, E. A.; Tank, M.; Oostergetel, G. T.; Bryant, 

D. A.; Knoester, J.; Köhler, J. Structure of Light-Harvesting Aggregates in Individual 

Chlorosomes. J. Phys. Chem. B 2016, 120 (24), 5367–5376. 

https://doi.org/10.1021/acs.jpcb.6b03718. 

(12) Li, X.; Buda, F.; De Groot, H. J. M.; Sevink, G. J. A. The Role of Chirality and 

Plastic Crystallinity in the Optical and Mechanical Properties of Chlorosomes. iScience 2022, 

25 (1), 103618. https://doi.org/10.1016/j.isci.2021.103618. 

(13) Dsouza, L.; Li, X.; Erić, V.; Huijser, A.; Jansen, T. L. C.; Holzwarth, A. R.; Buda, F.; 

Bryant, D. A.; Bahri, S.; Gupta, K. B. S. S.; Sevink, G. J. A.; Groot, H. J. M. de. An 

Integrated Approach towards Extracting Structural Characteristics of Chlorosomes from a 

BchQ Mutant of Chlorobaculum Tepidum. Phys. Chem. Chem. Phys. 2024, 26 (22), 15856–

15867. https://doi.org/10.1039/D4CP00221K. 

(14) Matlahov, I.; van der Wel, P. C. A. Hidden Motions and Motion-Induced Invisibility: 

Dynamics-Based Spectral Editing in Solid-State NMR. Methods 2018, 148, 123–135. 

https://doi.org/10.1016/j.ymeth.2018.04.015. 

(15) Lin, H.-K.; Boatz, J. C.; Krabbendam, I. E.; Kodali, R.; Hou, Z.; Wetzel, R.; Dolga, 

A. M.; Poirier, M. A.; van der Wel, P. C. A. Fibril Polymorphism Affects Immobilized Non-

Amyloid Flanking Domains of Huntingtin Exon1 Rather than Its Polyglutamine Core. Nat 

Commun 2017, 8 (1), 15462. https://doi.org/10.1038/ncomms15462. 

(16) Haller, J. D.; Schanda, P. Amplitudes and Time Scales of Picosecond-to-Microsecond 

Motion in Proteins Studied by Solid-State NMR: A Critical Evaluation of Experimental 

Approaches and Application to Crystalline Ubiquitin. J Biomol NMR 2013, 57 (3), 263–280. 

https://doi.org/10.1007/s10858-013-9787-x. 



 
 

(17) Li, X.; Buda, F.; de Groot, H. J. M.; Sevink, G. J. A. Contrasting Modes of Self-

Assembly and Hydrogen-Bonding Heterogeneity in Chlorosomes of Chlorobaculum 

Tepidum. J. Phys. Chem. C 2018, 122 (26), 14877–14888. 

https://doi.org/10.1021/acs.jpcc.8b01790. 

(18) Li, X.; Buda, F.; de Groot, H. J. M.; Sevink, G. J. A. Dynamic Disorder Drives 

Exciton Transfer in Tubular Chlorosomal Assemblies. J. Phys. Chem. B 2020, 124 (20), 

4026–4035. https://doi.org/10.1021/acs.jpcb.0c00441. 

(19) Lipari, G.; Szabo, A. Model-Free Approach to the Interpretation of Nuclear Magnetic 

Resonance Relaxation in Macromolecules. 1. Theory and Range of Validity. J. Am. Chem. 

Soc. 1982, 104 (17), 4546–4559. https://doi.org/10.1021/ja00381a009. 

(20) Schanda, P.; Meier, B. H.; Ernst, M. Accurate Measurement of One-Bond H–X 

Heteronuclear Dipolar Couplings in MAS Solid-State NMR. Journal of Magnetic Resonance 

2011, 210 (2), 246–259. https://doi.org/10.1016/j.jmr.2011.03.015. 

(21) Schanda, P.; Ernst, M. Studying Dynamics by Magic-Angle Spinning Solid-State 

NMR Spectroscopy: Principles and Applications to Biomolecules. Progress in Nuclear 

Magnetic Resonance Spectroscopy 2016, 96, 1–46. 

https://doi.org/10.1016/j.pnmrs.2016.02.001. 

(22) Gullion, T.; Schaefer, J. Rotational-Echo Double-Resonance NMR. Journal of 

Magnetic Resonance (1969) 1989, 81 (1), 196–200. https://doi.org/10.1016/0022-

2364(89)90280-1. 

(23) Gullion, T. Introduction to Rotational-Echo, Double-Resonance NMR. Concepts in 

Magnetic Resonance 1998, 10 (5), 277–289. https://doi.org/10.1002/(SICI)1099-

0534(1998)10:5<277::AID-CMR1>3.0.CO;2-U. 

(24) Dasgupta, R.; Gupta, K. B. S. S.; Elam, D.; Ubbink, M.; de Groot, H. J. M. Dipolar 

Dephasing for Structure Determination in a Paramagnetic Environment. Solid State Nuclear 

Magnetic Resonance 2021, 113, 101728. https://doi.org/10.1016/j.ssnmr.2021.101728. 

(25) Cegelski, L. REDOR NMR for Drug Discovery. Bioorganic & Medicinal Chemistry 

Letters 2013, 23 (21), 5767–5775. https://doi.org/10.1016/j.bmcl.2013.08.064. 

(26) Goetz, J. M.; Schaefer, J. REDOR Dephasing by Multiple Spins in the Presence of 

Molecular Motion. Journal of Magnetic Resonance 1997, 127 (2), 147–154. 

https://doi.org/10.1006/jmre.1997.1198. 

(27) Michal, C. A.; Jelinski, L. W. REDOR 3D: Heteronuclear Distance Measurements in 

Uniformly Labeled and Natural Abundance Solids. J. Am. Chem. Soc. 1997, 119 (38), 9059–

9060. https://doi.org/10.1021/ja9711730. 



 

90 
 

(28) Kashefi, M.; Malik, N.; Struppe, J. O.; Thompson, L. K. Carbon-Nitrogen REDOR to 

Identify Ms-Timescale Mobility in Proteins. J Magn Reson 2019, 305, 5–15. 

https://doi.org/10.1016/j.jmr.2019.05.008. 

(29) Toke, O. Three Decades of REDOR in Protein Science: A Solid-State NMR 

Technique for Distance Measurement and Spectral Editing. International Journal of 

Molecular Sciences 2023, 24 (17), 13637. https://doi.org/10.3390/ijms241713637. 

(30) Byeon, I.-J. L.; Hou, G.; Han, Y.; Suiter, C. L.; Ahn, J.; Jung, J.; Byeon, C.-H.; 

Gronenborn, A. M.; Polenova, T. Motions on the Millisecond Time Scale and Multiple 

Conformations of HIV-1 Capsid Protein: Implications for Structural Polymorphism of CA 

Assemblies. J. Am. Chem. Soc. 2012, 134 (14), 6455–6466. 

https://doi.org/10.1021/ja300937v. 

(31) Taware, P. P.; Jain, M. G.; Raran-Kurussi, S.; Agarwal, V.; Madhu, P. K.; Mote, K. R. 

Measuring Dipolar Order Parameters in Nondeuterated Proteins Using Solid-State NMR at 

the Magic-Angle-Spinning Frequency of 100 KHz. J. Phys. Chem. Lett. 2023, 14 (15), 3627–

3635. https://doi.org/10.1021/acs.jpclett.3c00492. 

(32) Cui, J.; Olmsted, D. L.; Mehta, A. K.; Asta, M.; Hayes, S. E. NMR Crystallography: 

Evaluation of Hydrogen Positions in Hydromagnesite by 13C1H REDOR Solid-State NMR 

and Density Functional Theory Calculation of Chemical Shielding Tensors. Angewandte 

Chemie International Edition 2019, 58 (13), 4210–4216. 

https://doi.org/10.1002/anie.201813306. 

(33) Tian, Y.; Camacho, R.; Thomsson, D.; Reus, M.; Holzwarth, A. R.; Scheblykin, I. G. 

Organization of Bacteriochlorophylls in Individual Chlorosomes from Chlorobaculum 

Tepidum Studied by 2-Dimensional Polarization Fluorescence Microscopy. J. Am. Chem. 

Soc. 2011, 133 (43), 17192–17199. https://doi.org/10.1021/ja2019959. 

(34) Bräuniger, T.; Wormald, P.; Hodgkinson, P. Improved Proton Decoupling in NMR 

Spectroscopy of Crystalline Solids Using the S PINAL -64 Sequence. Monatshefte f?r 

Chemie / Chemical Monthly 2002, 133 (12), 1549–1554. https://doi.org/10.1007/s00706-002-

0501-z. 

(35) Hardy, E. H.; Verel, R.; Meier, B. H. Fast MAS Total Through-Bond Correlation 

Spectroscopy. Journal of Magnetic Resonance 2001, 148 (2), 459–464. 

https://doi.org/10.1006/jmre.2000.2258. 

(36) Thurber, K. R.; Tycko, R. Measurement of Sample Temperatures under Magic-Angle 

Spinning from the Chemical Shift and Spin-Lattice Relaxation Rate of 79Br in KBr Powder. 



 
 

Journal of Magnetic Resonance 2009, 196 (1), 84–87. 

https://doi.org/10.1016/j.jmr.2008.09.019. 

(37) Jaroniec, C. P.; Tounge, B. A.; Rienstra, C. M.; Herzfeld, J.; Griffin, R. G. 

Recoupling of Heteronuclear Dipolar Interactions with Rotational-Echo Double-Resonance at 

High Magic-Angle Spinning Frequencies. Journal of Magnetic Resonance 2000, 146 (1), 

132–139. https://doi.org/10.1006/jmre.2000.2128. 

(38) Bak, M.; Rasmussen, J. T.; Nielsen, N. C. SIMPSON: A General Simulation Program 

for Solid-State NMR Spectroscopy. Journal of Magnetic Resonance 2000, 147 (2), 296–330. 

https://doi.org/10.1006/jmre.2000.2179. 

(39) Vosegaard, T.; Malmendal, A.; Nielsen, N. C. The Flexibility of SIMPSON and 

SIMMOL for Numerical Simulations in Solid-and Liquid-State NMR Spectroscopy. 

Monatshefte für Chemie 2002, 133 (12), 1555–1574. https://doi.org/10.1007/s00706-002-

0519-2. 

(40) Weingarth, M.; Baldus, M. Solid-State NMR-Based Approaches for Supramolecular 

Structure Elucidation. Acc. Chem. Res. 2013, 46 (9), 2037–2046. 

https://doi.org/10.1021/ar300316e. 

(41) Quinn, C. M.; Polenova, T. Structural Biology of Supramolecular Assemblies by 

Magic-Angle Spinning NMR Spectroscopy. Quart. Rev. Biophys. 2017, 50, e1. 

https://doi.org/10.1017/S0033583516000159. 

(42) Tsukatani, Y.; Mizoguchi, T.; Thweatt, J.; Tank, M.; Bryant, D. A.; Tamiaki, H. 

Glycolipid Analyses of Light-Harvesting Chlorosomes from Envelope Protein Mutants of 

Chlorobaculum Tepidum. Photosynth Res 2016, 128 (3), 235–241. 

https://doi.org/10.1007/s11120-016-0228-z. 

(43) Azadi Chegeni, F.; Perin, G.; Sai Sankar Gupta, K. B.; Simionato, D.; Morosinotto, 

T.; Pandit, A. Protein and Lipid Dynamics in Photosynthetic Thylakoid Membranes 

Investigated by In-Situ Solid-State NMR. Biochimica et Biophysica Acta (BBA) - 

Bioenergetics 2016, 1857 (12), 1849–1859. https://doi.org/10.1016/j.bbabio.2016.09.004. 

(44) Purusottam, Rudra. N.; Sénicourt, L.; Lacapère, J.-J.; Tekely, P. Probing the Gel to 

Liquid-Crystalline Phase Transition and Relevant Conformation Changes in Liposomes by 

13C Magic-Angle Spinning NMR Spectroscopy. Biochimica et Biophysica Acta (BBA) - 

Biomembranes 2015, 1848 (12), 3134–3139. https://doi.org/10.1016/j.bbamem.2015.09.011. 

(45) Grommek, A.; Meier, B. H.; Ernst, M. Distance Information from Proton-Driven Spin 

Diffusion under MAS. Chemical Physics Letters 2006, 427 (4), 404–409. 

https://doi.org/10.1016/j.cplett.2006.07.005. 



 

92 
 

(46) Dumez, J.-N.; Halse, M. E.; Butler, M. C.; Emsley, L. A First-Principles Description 

of Proton-Driven Spin Diffusion. Phys. Chem. Chem. Phys. 2012, 14 (1), 86–89. 

https://doi.org/10.1039/C1CP22662B. 

(47) Li, J.; van der Wel, P. C. A. Spinning-Rate Encoded Chemical Shift Correlations from 

Rotational Resonance Solid-State NMR Experiments. Journal of Magnetic Resonance 2013, 

230, 117–124. https://doi.org/10.1016/j.jmr.2013.02.004. 

(48) Azadi-Chegeni, F.; Ward, M. E.; Perin, G.; Simionato, D.; Morosinotto, T.; Baldus, 

M.; Pandit, A. Conformational Dynamics of Light-Harvesting Complex II in a Native 

Membrane Environment. Biophysical Journal 2021, 120 (2), 270–283. 

https://doi.org/10.1016/j.bpj.2020.11.2265. 

(49) Ishii, Y.; Wickramasinghe, N. P.; Chimon, S. A New Approach in 1D and 2D 13C 

High-Resolution Solid-State NMR Spectroscopy of Paramagnetic Organometallic Complexes 

by Very Fast Magic-Angle Spinning. J. Am. Chem. Soc. 2003, 125 (12), 3438–3439. 

https://doi.org/10.1021/ja0291742. 

(50) Wickramasinghe, N. P.; Shaibat, M. A.; Jones, C. R.; Casabianca, L. B.; De Dios, A. 

C.; Harwood, J. S.; Ishii, Y. Progress in C13 and H1 Solid-State Nuclear Magnetic 

Resonance for Paramagnetic Systems under Very Fast Magic Angle Spinning. The Journal of 

Chemical Physics 2008, 128 (5), 052210. https://doi.org/10.1063/1.2833574. 

(51) Wang, M.; Bertmer, M.; Demco, D. E.; Blümich, B. Segmental and Local Chain 

Mobilities in Elastomers by 13C−H Residual Heteronuclear Dipolar Couplings. J. Phys. 

Chem. B 2004, 108 (30), 10911–10918. https://doi.org/10.1021/jp048392+. 

(52) Celinski, V. R.; Weber, J.; Schmedt Auf Der Günne, J. C-REDOR Curves of 

Extended Spin Systems. Solid State Nuclear Magnetic Resonance 2013, 49–50, 12–22. 

https://doi.org/10.1016/j.ssnmr.2012.10.001. 

(53) Grage, S. L.; Watts, A. Applications of REDOR for Distance Measurements in 

Biological Solids. In Annual Reports on NMR Spectroscopy; Webb, G. A., Ed.; Academic 

Press, 2006; Vol. 60, pp 191–228. https://doi.org/10.1016/S0066-4103(06)60005-7. 

(54) Gelenter, M. D.; Wang, T.; Liao, S.-Y.; O’Neill, H.; Hong, M. 2H–13C Correlation 

Solid-State NMR for Investigating Dynamics and Water Accessibilities of Proteins and 

Carbohydrates. J Biomol NMR 2017, 68 (4), 257–270. https://doi.org/10.1007/s10858-017-

0124-7. 

(55) Andronesi, O. C.; Becker, S.; Seidel, K.; Heise, H.; Young, H. S.; Baldus, M. 

Determination of Membrane Protein Structure and Dynamics by Magic-Angle-Spinning 



 
 

Solid-State NMR Spectroscopy. J. Am. Chem. Soc. 2005, 127 (37), 12965–12974. 

https://doi.org/10.1021/ja0530164. 

(56) Purchase, R. L.; de Groot, H. J. M. Biosolar Cells: Global Artificial Photosynthesis 

Needs Responsive Matrices with Quantum Coherent Kinetic Control for High Yield. 

Interface Focus. 2015, 5 (3), 20150014. https://doi.org/10.1098/rsfs.2015.0014. 

(57) Baldus, M.; Meier, B. H. Total Correlation Spectroscopy in the Solid State. The Use 

of Scalar Couplings to Determine the Through-Bond Connectivity. Journal of Magnetic 

Resonance, Series A 1996, 121 (1), 65–69. https://doi.org/10.1006/jmra.1996.0137. 

(58) Hoop, C. L.; Lin, H.-K.; Kar, K.; Hou, Z.; Poirier, M. A.; Wetzel, R.; van der Wel, P. 

C. A. Polyglutamine Amyloid Core Boundaries and Flanking Domain Dynamics in 

Huntingtin Fragment Fibrils Determined by Solid-State Nuclear Magnetic Resonance. 

Biochemistry 2014, 53 (42), 6653–6666. https://doi.org/10.1021/bi501010q. 

 

 

 

 

 

  


