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Abstract 
 

Although the rapid development of sensitivity-enhanced solid-state NMR (ssNMR) 

spectroscopy based on dynamic nuclear polarization (DNP) has enabled a broad range of 

novel applications in material- and life sciences, further methodological improvements are 

needed in order to unleash the full potential of DNP-ssNMR. Here, a new methyl-based 

toolkit for exploring protein structures is presented, which combines signal-enhancement 

by DNP with heteronuclear Overhauser effect (hetNOE), carbon-carbon-spin diffusion 

(SD) and strategically designed isotope-labeling schemes. It is demonstrated that within 

this framework, methyl groups can serve as dynamic sensors for probing local molecular 

packing within proteins. Furthermore, they can be used as ‘NMR torches’ to selectively 

enlighten their molecular environment e.g. to selectively enhance the polarization of nuclei 

within residues of ligand-binding pockets. Finally, the use of 13C-13C spin diffusion enables 

probing carbon-carbon distances within the subnanometer range, which bridges the gap 

between conventional 13C-ssNMR methods and EPR spectroscopy. The applicability of 

these methods is directly shown on a large membrane protein, the light-driven proton 

pump green proteorhodopsin (GPR), which offers new insight into the functional 

mechanism of the early step of its photocycle.  
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Introduction      
 
        In recent years magic-angle-spinning solid-state nuclear magnetic resonance (MAS 

ssNMR) spectroscopy has made impressive progress in decoding structure and dynamics 

of biomolecules.1-9 In particular, in combination with dynamic nuclear polarization (DNP) 

that breaks the sensitivity limit of conventional NMR spectroscopy, ssNMR has become a 

valuable tool for exploring challenging proteins.10-13 It has been shown to be especially 

powerful for obtaining mechanistic insights into important membrane proteins. 14-22 The 

recent progress in structural biology, especially due to time-resolved serial femtosecond 

crystallography (TR-SFX) 23-24 and single particle cryo- electron microscopy (cryo-EM) 8, 

25-26, offers an unparalleled starting point for in-depth mechanistic studies for which 

spectroscopic tools such as ssNMR will play an important role.  

        Recently, an NMR phenomenon called heteronuclear Overhauser effect (hNOE), 

which is well-known to solution-state NMR spectroscopists,27 has been reinvestigated in 

the context of DNP-enhanced ssNMR spectroscopy.28-29 It has been shown that the 1H 

hyperpolarization prepared by DNP can be transferred to 13C nuclei via the stochastic 1H-
13C cross-relaxation processes within methyl groups undergoing fast reorientation around 

the methyl axis (Fig. 1a). This leads to characteristic methyl 13C signals of strong negative 

intensities distinguishable from those 13C signals yielded from other conventionally used 

polarization transfer pathways. In fact, methyl NMR spectroscopy has been very 

successful in both the liquid- and solid-state for studying the structures and dynamics of 

large and complex proteins.30-38 In addition, the hNOE phenomenon has been already 

investigated in a few organic and biological solids for probing local dynamics.39-42 Inspired 

by these works, we demonstrate here a promising toolkit for structural and mechanistic 

investigations of biological macromolecules based on the integration of cross-effect (CE) 

DNP, methyl 1H-13C hNOE, the well-known phenomenon of 13C-13C spin diffusion (SD) 

together with sparse 13C labeling schemes. SD transfers the polarization among like-nuclei 

e.g. 13C spins in a coherent fashion via a spin-spin flip-flop process. It has served as the 

foundation of a numerous number of NMR methods and applications on a vast range of 

materials and biosolids.43-46 Here, we show directly for the 30 kDa membrane protein 

green proteorhodopsin (GPR),47 that the hNOE build-up kinetics of methyl groups under 

DNP conditions can report on local molecular packing. Furthermore, it is possible to 

‘highlight’ selectively 13C-labeled sites in proximity of methyl groups, which simplifies 

complex DNP ssNMR spectra, and to extract subnanometer distances between methyl 

groups and surrounding 13C sites. 
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        GPRs form the largest microbial rhodopsin (Type-1 rhodopsin) family distributed 

widely in marine bacteria.48-49 They convert light into an H+ electrochemical gradient 

crossing the cellular membrane, which represents an additional source of energy and 

eventually enhances the survival of the marine bacterial communities. Light-driven ion 

pumps could also be engineered as molecular tools with broad applications in the growing 

field of optogenetics. Typically for a rhodopsin, the retinal chromophore in PRs is 

covalently bound to Lys231 in helix G via a protonated Schiff base (pSB) moiety (Fig. 1d). 

Proton pumping is achieved by a complex photocycle involving distinct metastable 

photointermediates (Fig. S1).50 It is initiated by the photoexcitation of its dark state (ground 

state) retinal chromophore followed by a retinal trans-cis isomerization reaction of the 

C13=C14 bond leading to the K-state photointermediate (Fig. 1e, f). The K-state is 

subsequently converted to the early-M state featuring the initial proton transfer from the 

SB nitrogen to its counter ion(s) (Fig. S1).  

        Despite the remarkable efforts on the structural and dynamical studies of PR over 

the last decade 14, 17, 49, 51-58 and even the successful ssNMR characterization of its 

photointermediates,51-52 many mechanistic details of the photocycle events remain 

unresolved. The new hNOE-based DNP approach presented here has enabled us to 

probe the molecular interactions of the retinal C20 methyl group with its protein 

surrounding in the dark and K-state GPR, which reveal unexpected molecular features. 

 

Results and discussions 
DNP hNOE ssNMR spectroscopy on retinal methyl groups in GPR  
        We have first focused on the retinal cofactor in GPR and have introduced 13C-labeled 

methyl groups at positions C16/C17/C18 or C20 (Fig. 2a, b). These labeling schemes have 

been explored in search for a ‘well-behaving’ methyl group in hNOE experiments under 

DNP conditions. The pulse program presented in Fig. 1b has been used for obtaining the 
1H-13C hNOE signals by removing the broad 13C background signals attributed to the direct 
13C hyperpolarization.28, 59 In this work, we have performed all ssNMR experiments in 

conjugation with CE DNP using the AMUPol biradical 60 as polarization agent. On 

[13C12,13,20-retinal]-GPR, in which the retinal C20 methyl group is 13C-labeled, a pronounced 
13C signal of negative intensity, characteristic for the hNOE process under DNP, can 

already be observed in the methyl region on the 1D spectrum (Fig. 2a) acquired at 110 K 

using the pulse program shown in Fig. 1b (using 1 s polarization delay). This 13C signal 

can be unambiguously assigned to the C20 methyl group located on the polyene chain as 
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compared with the double-quantum-filtered (DQF) 13C 1D spectrum of the same sample 

(Fig. 2a) which selects the nearby paired 13C sites. Similarly, we have also observed an 

hNOE 13C signal for [13C10-18-retinal]-GPR, in which C16, C17 and C18 methyl groups on 

the ionone ring are 13C-labeled (Fig. 2b). This 13C signal can be assigned to C18 methyl 

group as C16 and C17 methyl group show rather distinct chemical shifts (Fig. S2). In 

contrast to C18, the C16 and C17 methyl groups show no observable hNOE 13C signals 

under the same experimental condition (Fig. 2b). These two ‘hNOE-silent’ methyl groups 

are both located on a quaternary carbon. The crowded local environment could impede 

their reorientation and compromise the hNOE efficiency by shifting the CH3 reorientation 

rate to an unfavorable regime. Similarly, a previous study has shown that methyl groups 

on a –N(CH3)2 moiety also exhibit very weak hNOE signals at temperatures close to our 

condition. 61 These observations suggest that the hNOE efficiency of methyl groups under 

these conditions depends on chemical structures and the local environment. 

        It is interesting to note that the hNOE 13C spectrum of [13C12,13,20-retinal]-GPR also 

shows negative intensities of non-methyl C12 and C13 sites (Fig. 2a), while for [13C10-18-

retinal]-GPR only the methyl C18 signal is detected (Fig. 2b). These observations already 

indicate the possibility of a distance-dependent magnetization transfer from a methyl 

group to neighboring carbons, which will be discussed further below. 

 

hNOE build-up kinetics of methyl groups reports on local molecular packing 
        Since the C20 methyl group is located next to the retinal isomerization site, we have 

focused on this methyl group and have further investigated its hNOE build-up kinetics. As 

depicted in Fig. 1a, the matrix protons near the DNP biradical AMUPol60 are first 

hyperpolarized via CE DNP under our experimental conditions.62 Through the rapid 1H-1H 

spin diffusion, the large 1H polarization of these initial DNP sites transfers to the other 

protons in the sample, including those on the reorienting CH3 group where the hNOE 

process takes place (Fig. 1a). The propagation of the 1H polarization from the initial CE-

DNP hotspots in the DNP matrix to the interested retinal methyl groups in GPR molecules 

embedded in the lipid bilayer could potentially rate-limit the subsequent hNOE process. 

We therefore have chosen a fully protonated matrix in order to benefit from fast 1H-1H SD. 

We have also explored various matrix/sample deuteration schemes, which did not lead to 

any significant advantage on our GPR proteoliposome samples (Fig. S3). 

        The hNOE build-up time constant (ThNOE) of the retinal C20 methyl group in fully 

protonated GPR sample is 3.0 s at 110 K (Fig. 3a, Fig. S4a). In comparison, the DNP-
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build-up time constant of bulk 1H in our samples is about 1 s (Fig. S5). This is significantly 

smaller than the measured ThNOE and indicates that the recorded hNOE build-up kinetics 

is indeed not dictated/limited by the 1H polarization propagation. In order to estimate the 

methyl dynamics underlining such an efficient hNOE process, we have mapped the 

potential energy surface (PES) of the C20 methyl group in a GPR structural model based 

on the blue PR X-ray structure by QM/MM calculations (Fig. 3b). The calculated energy 

barrier (10.1 kJ/mol) points to the time scale of methyl reorientation about methyl axis in 

the ns regime (or in the order of 102 MHz) at 110 K.63-64 This is in the order of 1H and 13C 

Larmor frequencies at the magnetic field used in our experiments (400 MHz for 1H, 100 

MHz for 13C) and therefore could activate efficiently the 1H-13C zero-quantum (ZQ, (ωH - 

ωC)/2π = 300 MHz) / double-quantum (DQ, (ωH + ωC)/2π = 500 MHz) cross-relaxation 

processes that drive the hNOE. In solution NMR, the methyl groups have been intensively 

used as probes for sensing the local structural changes in proteins. In addition, the 

backbone NH hNOE is a widely used parameter for mapping protein dynamics. The 

possibility in correlating the methyl hNOE build-up kinetics under DNP conditions with the 

methyl reorientation rate, as suggested by our QM/MM calculations, has encouraged us 

to explore further the potential of this ssNMR parameter as a dynamic sensor in proteins. 

        Previously, several groups have reported DNP ssNMR studies on the 

photointermediates of microbial rhodopsins prepared by light illumination.15, 22, 51-52, 65-66 

Our recent studies on GPR photointermediates focused on the retinal chromophore 51 as 

well as on interactions at the protomer interface52. So far, the retinal-protein coupling in 

different photointermediates, which links retinal photochemistry with protein functions, 

remains under-explored. Upon light absorption by GPR, the all-trans retinal cofactor 

isomerizes to 13-cis yielding the early K-state photointermediate. Since C20 is located 

next to this isomerization site (Fig. 1f), it could serve as a strategic NMR probe for studying 

retinal-protein interactions in different photo states. Upon in-situ illumination of GPR under 

cryogenic conditions (110 K), the K-state can be generated and trapped. The retinal C20 

carbon experiences a large down-field shift by about 10 ppm, indicating that this site is 

indeed sensitive to the trans-to-cis conversion of the retinal polyene chain (Fig. 2c). In 

contrast, retinal C18 on the ionone ring moiety shows no observable chemical shift 

changes upon the formation of K-intermediate (Fig. 2d). Since only a part of the sample 

can be converted into the K-state, the spectrum in Fig. 2c shows two well-resolved C20 

resonances from the dark as well as K-state, which permits a direct comparison of their 

methyl hNOE behaviors.  
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        At 110 K the hNOE build-up kinetics of C20 in the K-intermediate is significantly 

slower than in the dark state (Fig. 3a, Fig. S4a). In order to decode the differences in the 

hNOE kinetics of these two states, we have monitored the temperature-dependence of 

C20 hNOE build-up kinetics. Surprisingly, an opposite behavior with increasing 

temperature is observed featuring growing hNOE build-up time constant in the dark state 

and decreasing hNOE build-up time constant in the K intermediate (Fig. 3a, Fig. S4b-c). 

Similar to the 13C longitudinal relaxation (T1 relaxation), the hNOE build-up rate shows 

approximately a bimodal dependence on the methyl reorientation rate/correlation time 

(Fig. 3c). As mentioned above, the hNOE build-up is most efficient when the methyl 

reorientation rate approaches the regime of 1H-13C ZQ/DQ transition rates. We have taken 

the theoretical model of an isolated 13CH3 spin system and sketched the relationship 

between ThNOE and the correlation time of methyl reorientation (τr). The details of this 

model can be found in SI. As plotted in Fig. 3c, ThNOE increases when the rate of the methyl 

motion shifts away from the DQ/ZQ transition rate. It has to be mentioned that under our 

experimental conditions, the hNOE process is also coupled to other processes as shown 

in Fig. 1a and its detailed relationship with the methyl reorientation rate is expected to be 

somewhat different from the simplified model on an isolated methyl group. Nevertheless, 

the sketch in Fig. 3c shall still be valid qualitatively for the applications in this work since 

(i) the preceding processes (DNP, 1H-1H SD) do not rate-limit the hNOE as mentioned 

above, (ii) the retinal C20 methyl group is embedded in the central part of PR and shielded 

away from radicals and (iii) we only focus on the difference in the hNOE build-up kinetics 

between the ground state and the K-photointermediate. In the K-state photointermediate, 

ThNOE of the C20 methyl group decreases gradually upon the acceleration in methyl 

reorientation by raising the sample temperature from 110 K to 140 K (Fig. 3a, Fig. S4c). 

Guided by Fig. 3c, such a behavior indicates that within this temperature range the C20 

methyl reorientation in the K-state of GPR is slower than the optimal methyl reorientation 

rate driving the fastest hNOE build-up (Fig. 3c blue branch). In contrast, the C20 methyl 

reorientation in dark state shows an opposite trend (Fig. 3a, Fig. S4b), namely the slower 

hNOE process at higher temperature, and therefore can be depicted by the “fast 

reorientation” branch (red) in Fig. 3c. This analysis shows that the C20 methyl 

reorientation is slower in the K-state compared to the dark state.  

        This observation seems contradictive to the reduction in intra-retinal hindrance on 

the C20 methyl group upon the photoisomerization. In the all-trans configuration, the C15-

H15 moiety is close to C20. The steric hindrance caused by this moiety is reduced in 13-
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cis configuration, where just H14 is located at this position.  Therefore, the slowed C20 

methyl reorientation in the K-state of GPR should be due to the additional steric hindrance 

by the protein-retinal contacts established in this early photointermediate. It has been 

shown by X-ray crystallography that upon the formation of the late K-state of 

bacteriorhodopsin (BR), the C20 methyl group moves toward bulky Trp residues Trp185 

and Leu93 at the intracellular side. These two residues are also conserved in the GPR 

clade and the Trp capping the C20 methyl group (Fig. 3d) is even conserved in all outward 

H+-pumping microbial rhodopsins. The structural model of the dark-state GPR (Fig. 3d) 

indicates that the retinal photoisomerization could push the C20 methyl group toward the 

bulky side chain of Trp197 and Leu105. This movement leads to a tighter packing of the 

retinal cofactor against its protein environment (Fig. 3d), which is compatible with our 

finding of a slowed C20 methyl reorientation in the K-state based on the hNOE data. Here, 

the hNOE build-up kinetics, which can be easily measured on methyl groups as dynamic 

NMR reporters, carries key biophysical information on the ligand-protein coupling. 

        This demonstration showcases the value of methyl hNOE SSNMR in probing the 

local structure/packing in different functional states of proteins. This approach could also 

be complementary to other classical ssNMR methods such as 1H/13C/2H T1 measurements 

that is often less selective due to the spin diffusion or signal overlapping. In particular, the 

conventional 13C T1 measurement can be affected by 1H-13C cross-relaxation and in fact 

hNOE kinetics has to be taken into account in those experiments.67  

 

Selective detection of Internuclear contacts by Methyl PoLarization Enhancement 
(SIMPLE)  
        In the previous section, we have utilized a retinal methyl group as a local sensor to 

probe indirectly its interaction with the protein environment via the hNOE effect. Though 

such an approach could already offer valuable information, the direct NMR detection of 

surrounding nuclei is still required for establishing a more complete picture on the retinal-

protein coupling within the binding pocket in different photointermediate states. In our 

case, such NMR detection could be enabled by further transferring the 13C 

hyperpolarization of the retinal C20 methyl group to nearby retinal/protein 13C nuclei via 
13C-13C SD (Fig. 1a, d). Since the SD process occurs even without active dipole-dipole or 

CSA recoupling under the moderate MAS rates (8 kHz) used in this work, the same pulse 

program shown in Fig. 1b can be used for this purpose without modifications. The 13C-13C 

SD rate via dipolar coupling follows an r-6 distance dependence (Eq. S1). Therefore, retinal 
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carbons C12 (1.5 Å to C20) and C13 (2.6 Å to C20), which are in close proximity to the 

hyperpolarized hNOE methyl hotspot C20 in [13C12,13,20-retinal]-GPR, should receive 13C 

polarization via SD more efficiently (on the ms time scale for directly bonded 13C-carbons)  

than more distal sites (Fig. 4a). As already shown above in Fig 2a, the 13C signals of these 

two sites build up 13C polarization simultaneously to C20 (Fig. S6). This observation 

indicates that the magnetization transfer from carbon C20 to nearby carbons C12/C13 via 

SD occurs more rapidly than the methyl hNOE build-up or a direct hNOE transfer from 

methyl 1H to C12/C13. The latter process should occur at significantly slower rates for two 

and three-bond distances as shown previously.59 In contrast, no signals in addition to C18 

could be detected in [13C10-18-retinal]-GPR at short polarization delay (1 s), since retinal 

carbons C10-C15 are far away from the C18 hNOE hotspot (Fig. 2b). 

        Usually, ssNMR spectra of ligands in complex with large proteins free of natural 

abundance protein 13C background (1.1 %) are obtained by double-quantum filtering 

(DQF, Fig. 2a, b) and/or by 13C depletion. Here, the combination of hNOE and SD offers 

an attractive alternative way for the detection of ligands in complexes. In [13C10-18-retinal]-

GPR, our approach visualizes the C18 methyl group, which is distant from other 13C sites 

and therefore cannot be captured by the conventional 1D DQF CP experiment. 

        Following the successful selective detection of the retinal polyene C12 and C13, we 

have further explored the possibility to detect protein residues near the C20 methyl group 

using the similar approach. We have first targeted the highly conserved residue Tyr200 

located in the retinal binding pocket of GPR (Fig. 4b). A DQF CP 13C NMR spectrum of 

[U-13C-Tyr]-GPR (Fig. 4c) shows overlapping signal of all Tyr residues in GPR. In order to 

visualize selectively the Tyr200 residue, we have labeled the unique Tyr200-Pro201 pair 

in GPR by incorporating 15N-labeled proline and 13C-labeled tyrosine during protein 

expression ([U-13C-Tyr, U-15N-Pro]-GPR). In such a sample, a unique correlation between 

the 15N-Pro signal, which is well separated from the backbone amide nitrogen peaks, with 

the Tyr 13C resonances can be observed in 2D N(CO)CX spectra (Fig. 4d). All Tyr200 13C 

resonances can be resolved. Of course, such an approach is largely limited to cases of 

unique/rare residue pairs. Since Tyr200 is located near to retinal C20 methyl group (ca. 4 

Å to C20 and ca. 3 Å to C12, Fig. 4b), we have also explored the possibility of visualizing 

this residue via hNOE-SD in a sample labeled at both 13C-Tyr and 13C12,13,20-retinal sites 

([U-13C-Tyr, 13C12,13,20-retinal]-GPR). The 1D hNOE-SD 13C spectrum in Fig. 4e recorded 

with a short polarization delay of 1.0 s shows a set of 13C signals identical to those 

identified for Tyr200 in Fig. 4d. These resonances are in the same phase as retinal 
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carbons (phase already adjusted by 180o in Fig. 4e), suggesting that the source of their 

magnetization is the C20 hyperpolarization created by DNP and hNOE. Indeed, without 

retinal labeling ([U-13C-Tyr]-GPR), these unique protein signals are not observed using the 

same approach (Fig. S7a). The Tyr 13C signals in the hNOE-SD spectrum at a short build-

up time do not match the positions in the 1D DQF CP 13C spectrum representing the sum 

of all Tyr signals (Fig. 4c, e). Upon increasing the build-up time, additional Tyr signals 

appear and the spectra closer resemble the DQF 13C spectrum (Fig. S8a). These 

observations suggest that 13C hyperpolarization on the retinal ligand is transported to other 

more distal U-13C-Tyr sites at lower rates. In comparison, the direct 1H – Tyr 13C hNOE 

transfer only yields a minor contribution to the observed Tyr signals in [U-13C-Tyr, 
13C12,13,20-retinal]-GPR (Fig. S8a, b). As mentioned above, the 13C-13C SD rate has an r-6 

distance dependence. Therefore, the Tyr200 residue next to C20 methyl group (4.2 Å to 

C20, 3.2 Å to C12) should be the primary hyperpolarization recipient and its 13C signal can 

be selectively observed on 1D hNOE-SD 13C spectrum with a short build-up time (1 s in 

this case, Fig. 4d-e). These data demonstrate a new NMR approach for the Selective 

Detection of Internuclear Contacts by Methyl PoLarization Enhancement (SIMPLE) that 

utilizes the methyl hNOE hotspot as the ‘NMR torch’ to enlighten selectively the nearby 

residues. In particular, the possibility of creating local hyperpolarization on a strategically 

placed methyl group, which could be delivered via ligand binding, offers a range of 

attractive options for applications to challenging ligand-protein complexes. 

         In a previous work on an uniformly 13C-labeled RNA-ligand complex using ligand 

hNOE (SCREAM-DNP, Specific Cross-Relaxation Enhancement by Active Motions under 

DNP), 61  the selectivity of ligand-RNA 13C-13C SD transfer is hampered by the slow initial 

hNOE build-up of hindered methyl groups in competition with fast distribution of 

polarization within the dense 13C network in the uniformly labeled biopolymer. It has been 

however demonstrated that an hNOE effect could be used to observe selectively the NMR 

signal of the RNA-ligand complex by ‘activating’ methyl groups suffering from steric 

hindrance at higher temperatures. 61  

          In the SIMPLE approach, the 13C-13C SD is effectively slowed down in the highly 

diluted 13C network created by the tailored 13C isotope labeling schemes. This together 

with the fast hNOE kinetics of less-hindered methyl groups permits the 13C 

hyperpolarization of the methyl hNOE hotspot to be transferred primarily to nearby 

protein/ligand 13C sites over those distal sites. This approach relies on the rational design 

of 13C labeling schemes, which result in suitable hNOE and SD build-up kinetics. SIMPLE 
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exhibits very high site selectivity by combining not only the biochemical specificity of the 

ligand-protein recognition, but also the hNOE selectivity on “well-behaving” methyl groups, 

the slowed 13C-13C SD kinetics by the sparse 13C labeling, and the 13C spin-pair selectivity 

of 13C-13C SD (ZQ process). Such a high selectivity would strongly support its applications 

in the scenarios previously explored by targeted-DNP approaches based on chemically 

modified ligand-bearing DNP radical moieties.68-70  

       We have then applied SIMPLE for probing a number of residues in the retinal binding 

pocket in both dark and K-states of GPR. In GPR the retinal photoisomerization site is 

located in an aromatic box formed by Tyr200 and Trp98/197 (Figs. 3c, 4b). Our 1D 13C 

spectra show no observable 13C chemical shift changes of Tyr200 upon the formation of 

K-state photointermediate (Fig. 4e-f). Similarly, on a GPR sample labeled at both retinal 

C20 methyl group and Trp Cδ1 ([13Cδ1-Trp, 13C12,13,20-retinal]-GPR), we have found that the 

Trp residues surrounding the C20 methyl group are largely unperturbed by the retinal 

isomerization (Fig. S9a-c). These bulky residues therefore seem to form a rigid 

environment accommodating the photochemistry of retinal in GPR. 

 
Subnanometer 13C-13C distances from hNOE-initiated 13C-13C SD  
        The data presented above suggest a distance-dependent 13C-13C SD build-up 

kinetics (Figs. 2a, c, S8a). These observations have encouraged us to further explore the 

potential for a quantitative determination of 13C-13C distances. However, the well-known 

relayed transfer, which passes polarization between 13C sites via ‘shortcut’ contacts in a 

dense 13C network, often outperforms a direct SD between two distal 13C sites. It therefore 

complicates the extraction of precise distances from the SD build-up data. Indeed, all the 
13C signals of Tyr200 build up at almost identical rates (Fig. S8a), indicating the rapid spin 

diffusion within this densely labeled spin system. Such unwanted transfers can be 

suppressed in a highly sparsely 13C-labeled protein. For example, the selective labeling of 

only the Tyr C’ sites in [13C’-Tyr, 13C3-retinal]-GPR allows us to reduce the 13C density by 

about two orders of magnitude compared to the uniformly 13C labeled protein (Fig. S10). 

This labeling scheme tethers the retinal hNOE hotspot and the nearest protein 13C site as 

well as increases significantly the inter-Tyr distances. The Tyr 13C signal builds up much 

more slowly in [13C’-Tyr, 13C3-retinal]-GPR compared to those in [U-13C-Tyr, 13C3-retinal]-

GPR. We have then expanded to a number of other sparse 13C labeling schemes of GPR, 

including Lys 13C’, Pro 13C’, Pro U-13C, Trp 13Cδ1, Trp 13C’ and Val 13C’ (Fig. 5a, Tab. S1).  

In all cases, we have observed hNOE-SD transfers from retinal carbons to the 13C-sites 
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introduced in GPR (Figs. S9c, h, S11). In most cases, the protein-ligand 13C-13C SD is 

remarkably slower than the hNOE build-up of retinal C20 methyl groups (Tab. S1, Fig. 

S12). Therefore, the hNOE step does not rate-limit the 13C-13C SD here. The hNOE-SD in 

our samples shows a mono- or bi-exponential build-up kinetics with distinct time constants. 

The retinal-protein 13C -13C distances have been extracted from X-ray crystallography 

structure of blue PR (4JQ6). These distances have been plotted versus the respective 

build-up time constants (Fig. 5b). The build-up of protein 13C polarization slows down with 

increasing ligand-protein 13C-13C distances (Fig. 5b, Tabs. S1, S2). Theoretically the 13C-
13C SD rate is proportional to r-6 (Eq. S1b). Our experimental data can be described by 

this relationship, even considering a number of outliers arising from a second component 

in the biexponential hNOE-SD build-up kinetics in some samples (Fig. 5b grey curve, 

Tabs. S1, S2). The fit improves when excluding the experimental outliers. The build-up 

rates for two of these outliers, namely [13C’-Val, 13C3-retinal]-GPR (132 s) and [U-13C-Pro, 
13C3-retinal]-GPR (8.5 s) are in the range of those determined for the corresponding amino 

acids in frozen solution (11 - 13 s for proline sidechain carbons59 and 182 s for valine C’ 

as shown in Fig S13). They can therefore be attributed to an intra-residue hNOE build-up 

caused by the intrinsic dynamics (methyl reorientation or ring puckering) of these 

sidechains. The tryptophan side chain, which is composed by a rigid and large aromatic 

ring, does not show observable hNOE signal at 100 K. However, the Trp197 Cd1 is in 

proximity to other methyl protons (e.g. about 3.0 Å to Ile192 methyl 1H). The build-up time 

constant of the direct methyl 1H to non-methyl 13C hNOE transfer (about 60 s)59 matches 

the outlier components of our Trp data (68 s) and justifies the exclusion of this component 

in the data fitting. The slow polarization build-up via the direct methyl 1H to non-methyl 13C 

hNOE transfer is also outperformed by the more efficient 13C-13C SD as shown by our data 

analysis. Additional analysis of the robustness of our data interpretation is provided in the 

SI. The observation of a strong correlation between 13C-13C distances and SD dynamics 

(r-6), in contrast to a weakly correlated r-3 pattern typical to a dense 13C network further 

validates that the relayed transfer is efficiently inhibited in these highly sparse 13C labeling 

schemes 71-72. The maximum deviation between the distances determined from a GPR 

structural model and those back-calculated from the SD data is below 0.4 Å (Tab. S2). 

Here we have established a new prototype 13C-13C distance measurement method 

bridging the subnanometer gap between conventional ssNMR methods (ca. 1-6 Å) and 

popular dipolar EPR/FRET (> 1 nm) spectroscopy. Both our approach and FRET share 

the same distance-dependence of the transition probability of dipolar-driven processes 
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(Eq. S1, S2). The polarization transfer from the methyl 13C-carbon to other 13C-sites 

comprises some analogy to the well-known donor-reporter configuration in FRET. Since 

in our approach the polarization “donor” and “reporter” are both 13C nuclei, this minimally 

sized labeling eliminates problems caused by bulky labels used for FRET and dipolar EPR 

spectroscopy. Our approach enables the measurement of 13C-13C distances in the 

subnanometer range as long as a mono-exponential hNOE-SD build-up is observed. The 

possible ambiguity arising from biexponential hNOE-SD build-up kinetics remains to be 

further explored. 

        13C-13C SD or in general 13C-13C dipolar recoupling is one of the cornerstones of the 

contemporary biological SSNMR. Most of the previous works on this direction have 

focused on uniformly labeled or partially diluted 13C spin systems, therefore still suffer 

considerably from the relayed transfers. It has been shown that in such spin systems the 

spectroscopic selection of a subset of 13C spins can mimic a sparse distribution of the 

active spins and therefore alleviate the relayed transfer 73-75 These elegant methods have 

pushed the upper-limit of the 13C-13C distance measurement to over 5 Å. 73-75 In our 

approach, the direct implementation of highly sparse 13C-labeling schemes strongly 

suppresses the relayed transfer and further pushes this distance upper-limit closer to one 

nanometer. We have also noticed that Zilm and coworkers have proposed a relevant and 

user-friendly approach for long 13C-13C distance measurement between a methyl group 

and the backbone C’ sites 76. In their proposal the methyl group would serve as a relaxation 

sink rather than a polarization source and the enhanced relaxation of C’ polarization via 
13C-13C SD with methyl 13C could contain distance information. The proposed method is 

based on the decay of the 13C’ signals and would have to deal with those distal 13C’ signals 

that decay slowly and remain in the overlapped carbonyl region. In our approach, the non-

methyl 13C site (e.g. 13C’), which is in dipolar cross-talk with the methyl hNOE hotspot via 

the SD process, show a build-up kinetics of enhanced polarization in a selective fashion. 

        Our approach on distance determination has immediately allowed us to probe the 

retinal-protein architecture in the K-photointermediate of GPR. Since the Trp-Tyr box 

surrounding the retinal is unperturbed by the retinal isomerization, we then turned to 

Lys231 on the helix G that binds covalently to the retinal cofactor. We have examined the 

distance between the retinal methyl C20, that is close to the retinal photoisomerization 

site, and the C’ of Lys231, the anchoring site of the retinal-Lys moiety on GPR. Our 

measurement shows that the 13C-13C SD rate between these two sites is barely affected 

upon the formation of the K-state photointermediate (Fig. S14). The small differences 
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could be attributed to the differences in the hNOE build-up times of the C20 methyl group 

in two states (Fig. 3a). Our SD data show that the Lys C’ is unaffected upon the formation 

of the K-state, which coincides with the unchanged Lys C’ chemical shift (Fig. S9c, d). This 

indicates that the propagation of the initial structural perturbation by retinal isomerization 

does not reach the helix G in the K-state. 

 

Mechanistic insights into the early molecular events of GPR photocycle 
        Our new NMR data presented above offers new insights into the early molecular 

event of GPR photocycle. 

        First, hNOE build-up kinetics shows that retinal C20 methyl group, which is next to 

the retinal C13=C14 isomerization site in GPR, is engaged in tighter packing against its 

protein environment upon the K-state formation. In microbial rhodopsins this methyl group 

is generally believed to be a key player in the early phases of photocycles.77-79 Here our 

data offers the direct biophysical evidence for the involvement of retinal C20 methyl group 

in GPR photocycle. 

        Second, our SIMPLE approach shows that bulky residues Tyr200 (helix F) and 

Trp98/197 (helix C/F) do not respond to retinal isomerization, revealing a rigid aromatic 

box accommodating the retinal photochemistry. This observation has been extended to 

the retinal-anchoring residue Lys231 (helix G) by exploring retinal-Lys backbone distance 

via 13C-13C SD kinetics. Our data indicate that the structural impact of retinal isomerization 

does not propagate to helix G. Both X-ray crystal structures of a GPR homologue (4JQ6)56 

and the recent MD simulations 80 point to a closer contact between retinal C20 methyl 

group and the sidechain of Leu105 (helix C) upon K-state formation. We have further 

examined the propagation of this initial contact using SIMPLE approach (Fig. S9d-f). 

Similar to Lys 231, our data largely excludes the structural perturbation on the backbone 

of Leu105. These molecular features are distinct from those of BR, in which many protein 

sites are perturbed upon K-state formation 24, 81-82. Interestingly, even the protonated Schiff 

base (pSB) site in GPR remains largely unperturbed by retinal photoisomerization,51, 83 

which is in drastic contrast to a number of other microbial rhodopsins 15, 22, 83. Here, the 

distinct and rather restricted protein structural perturbation pattern upon GPR K-state 

formation echoes the recently discovered complexity and diversity of protein responses to 

retinal photoisomerization in microbial rhodopsins.23-24, 82, 84 
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Conclusions and perspectives 
        In this work we have presented a new DNP-enhanced methyl SSNMR spectroscopic 

toolkit for investigating the structure, dynamics and molecular interactions in 

biomacromolecular complexes. Our approaches integrate seamlessly CE DNP, methyl 1H-
13C hNOE, 13Cmethyl-13Cnon-methyl SD and sparse isotope labeling schemes. Here hNOE 

build-up kinetics of methyl groups reports local protein-ligand packing in different protein 

functional states. The coupling of methyl hNOE with 13C-13C SD in the sparse 13C spin 

system forms a new NMR approach (SIMPLE) for selective detection of nearby interacting 

residues. In this way, subnanometer distances can be accessed that have been out of 

reach of other biophysical methods. Considering that 1D SIMPLE spectra appear 

straightforward to interpret and distance extraction from hNOE build-ups does not require 

any specialized data fitting, our work could therefore create a starting point for developing 

user-friendly NMR tools. We have demonstrated that our approach can be directly applied 

to the complex membrane protein GPR, providing immediately novel insight into the K-

state formation, which will support the structural determination/refinement of the GPR 

photointermediates in the future. We expect that our methods will support researchers in 

biophysics, structural biology, chemistry, (bio)materials and drug development. The 

immediate applications will include (but are not limited to) biomacromolecule-ligand 

interactions and in-cell detection of key binding-site residues. 

 

Materials and methods 
DNP ssNMR sample preparation 
        13C10-18-retinal was synthesized as described before.85 13C12,13,20- retinal was prepared 

from 13C12,13,20-vitamin A palmitate (Buchem B.V., The Netherlands) following procedures 

published previously.86   

Wild-type GPR (UniProt Q9F7P4) from γ-proteobacterium EBAC31A08 (SAR86 

clade) was expressed, purified and reconstituted into liposome as described previously. 
14, 51 For residue-type selective isotope labeling, one of the isotope-labeled amino acids 

(leucine 115 mg, tyrosine 85 mg, proline 50 mg, valine 115 mg, phenylalanine 65 mg, 

lysine 105 mg or indole 50 mg for half liter culture) or amino acid mixture (U-13C Tyr 85 

mg and 15N Pro 50 mg for half liter culture) were supplied in M9 minimal medium when the 

cell density OD reached 0.4. The cells were further incubated at 37oC for about 40 - 60 

min until the OD reached 0.6 for IPTG induction. An excess amount of 13C12,13,20- or 13C10-

18-retinal 85 was added into the cell membrane suspension after the cell disruption and the 
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mixture was incubated at room temperature for 1 h. GPR was reconstituted into the 

DMPC/DMPA (9:1 mole/mole) liposomes (200 μm diameter) at a lipid-to-protein ratio 

(LPR) of 1:2 (weight/weight). This LPR was chosen in order to maximize the amount of 

protein that could be packed into a MAS rotor while maintaining a suitable sample 

transparency for efficient light penetration needed for trapping the K-state. The 

reconstituted proteoliposomes containing about 8 - 10 mg GPR were pelleted using an 

ultracentrifuge (ca. 1.4 x 105 g) and were soaked overnight at 4oC in 200 µL DNP solution 

(20 mM AMUPol). For all hNOE-related experiments, we used a fully-protonated DNP 

solution containing 30% glycerol and 70% NMR buffer (50 mM Tris, 5 mM MgCl2, pH = 9 

at 4oC). 

 

DNP-Enhanced MAS ssNMR experiments 
      All DNP-enhanced MAS ssNMR experiments were performed on a Bruker Avance II 

spectrometer operating at 400.197 MHz (1H Larmor frequency, 9.40 T). The spectrometer 

was coupled to a CPI (Communication and Power Industries) gyrotron (microwave 

frequency 263.580 GHz) via corrugated waveguides. The microwave power directed into 

the MAS stator was estimated to be above 10 W. The NMR samples were packed into 3.2 

mm ZrO2 rotors and were sealed by Vespel caps. All ssNMR experiments were carried 

out under 8 kHz MAS unless specified otherwise. The sample temperature was 

maintained by the cooling gas as well as the cold bearing and driving gas flows. For 

experiments at elevated temperatures, all three cryogenic nitrogen gas flows were heated 

and the driving and/or bearing gas flow was reduced in order to reach the proper balance 

between MAS stability and the effective temperature as read out on the spectrometer. In 

particular for the experiments above 150 K, the cooling gas was still set to below 150 K in 

order to bypass the interlock for the NMR probe protection. The 1H DNP-enhancements 

were determined indirectly via 1H-13C experiments using 3 s interscan delays. 

        The 1H-13C hNOE-related spectra in this work were acquired by using the pulse 

program shown in Fig 1b. The π/2-pulse trains composed by 16 repeats of 1H (100 kHz) 

and 13C (62.5 kHz) pulses with 5 ms interval were applied for destroying the residual 

magnetizations. The build-up times correspond to the time span between the time point A 

and B. The A-to-B delays without applying any pulses permits the hNOE/13C-13C SD build-

ups. For removing the background signals including those from the direct 13C 

hyperpolarization, a 1H π-pulse (100 kHz) trains composed by the pulses tethered by a 

time delay of 125 ms were applied during the A-to-B delay. The A-to-B time during were 
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varied by adjusting directly the delay length (without 1H pulses) or by setting the proper 

number of 1H saturation pulse repeats. The 13C FIDs were recorded after the 13C π/2 

reading pulse following the A-to-B delay under 100 kHz SPINAL64 1H decoupling.87 The 

final 13C spectra were obtained by subtracting the spectra acquired with and without the 
1H saturation pulses covering the same build-up times. For the convenience of readers, 

the phase of the spectra were readjusted by 180° to yield positive signals (Fig 2). 

According to our experiences, as long as the same type of (fully hydrated) proteoliposome 

samples, NMR rotor and the same temperature were used, neither the tuning, matching 

of the NMR probehead nor the 1H and 13C pulse parameters needed to be readjusted 

between different measurements. The sensitivity of these experiments depends on the 

sample amount, K-state population, build-up efficiency in a given A-to-B delay and other 

factors such as DNP enhancement factor. The measurement time can be approximated 

by the product of the number of scans and the duration of A-to-B delay. The 1D hNOE 

spectra shown in Fig. 2 were acquired on a small quantity of protein (ca. 2-3 mg or 65-100 

nmol) in order to ensure a high degree of light penetration into the sample. In total 4096 

scans (2048 scans with and 2048 scans without 1H saturation pulses) were accumulated 

for each 1D hNOE spectra in Fig. 2, which correspond to the total measurement time of 

about 1 h. The hNOE spectra for deriving the build-up time constant above 140 K in Fig. 

3a were collected on a fully packed rotor containing about 8-10 mg GPR due to the lower 

sensitivity at higher temperatures. The SIMPLE spectra shown in Fig. 4e and Fig. 4f were 

recorded on small quantity of protein (ca. 2-3 mg) and a rather short A-to-B delay (1 s) 

was used to prevent further polarization transfer to distal sites. Therefore, more scans 

were required for these experiments (10240*2 or about 6 h for Fig. 4e and 24576*2 or 

about 14 h for Fig. 4f). The spectra for deriving 13C-13C SD rates (Fig. S11-S12 and Tab. 

S1) were acquired on 8-10 mg GPR with various A-to-B delays. Typically, 1-4 h were 

required for each data point in Fig. S12. The measurement time for determining one 13C-
13C SD rate was between 1-4 days. The 1H T1 was measured via a standard saturation-

recovery experiment with the same setups used in a previous work.88   

        The 13C-15N N(CO)CX 2D NMR spectrum was acquired on a U-13C Tyr and 15N Pro 

pairwise-labeled GPR sample using the standard setting up. The 13C-13C SD of 100 ms 

was used. The spectrum was acquired with 2048 (F2) by 16 (F1) points sampling spectral 

windows of 405 ppm (F2, 13C) and 74 ppm (F1, 15N). The 2D spectrum was processed 

with an 8192 (F2) by 1024 (F1) matrix. A Gaussian (lb = -40 Hz, gb = 0.1) and Qsine (ssb 

= 2) window function were used for processing the F2 and F1 dimension respectively. All 
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the 13C chemical shifts were reference to DSS indirectly via an alanine crystalline powder 

sample and all 15N chemical shifts were referenced to liquid ammonia indirectly using the 

gyromagnetic ratios. 

       The 1D 1H-13C CP spectra with and without DQF were acquired using standard pulse 

programs. 13C-double quantum filter experiments (DQF-experiments) were obtained using 

the POST-C789 sequence for double quantum excitation and reconversion at 0.5 ms.  In 

situ sample illumination under DNP-ssNMR conditions was carried out using a set as 

described before.15, 51 Briefly, light from a high-power blue light LED (ca. 50 W, central 

frequency 470 nm, Mightex System) was directly coupled via a liquid light guide (300 - 

650 nm) and an optical fiber into the cryo-MAS stator of the DNP ssNMR probehead. 

Samples as a thin layer of hydrated proteoliposomes were distributed over the inner wall 

of the light-transparent 3.2 mm sapphire rotors. MAS rotors were spun at 8 kHz at about 

100 – 110 K and illuminated for 60 to 90 min. The dark-to-K conversion can be monitored 

by DQF 1D 13C spectra. A full conversion cannot be reached presumably due to the limited 

light intensity/penetration. Once the K-photointermediate was adequately accumulated, 

the light source was turned off and the K-state GPR trapped at the cryogenic temperature 

was subjected directly to DNP-enhanced ssNMR experiments. 

 

Data analysis 
        For extracting build-up time constants, 13C signals of 1D hNOE(-SD) spectra were 

analyzed by manual peak integration in Bruker TopSpin 3.5. These integral intensities 

were then fitted in Origin 8.5. The internuclear distances were determined from the crystal 

structure of blue PR, a GPR homologue (PDB 4JQ6, resolution 2.3 Å) in PyMol. More 

details about data fitting can be found in SI. Fig. 3b was plotting using Mathematica and 

more details about the generation of this curve can be found in SI. 

 

QM/MM calculations of the potential energy surface (PES) of retinal C20 methyl 
group in GPR 
        Based on the structural model of GPR created from the blue PR structure (4JQ6), 12 

orientations of the retinal C20 methyl group were created by varying the retinal C12-C13-

C20-H dihedral angle in a step of 10 degrees. The energy calculation of each of these 

single point structures was performed at the B3LYP/cc-pVDZ level by Gaussian 09 

program.90 For each calculation, the QM region contained the retinal, pSB, the linked 

Lys231 Cε atom and the side chain of W197. The dangling bond was capped by a 
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hydrogen atom. We have noticed that the energy barrier of C20 methyl reorientation in 

ground-state GPR is largely unaffected by including W197 in the QM region. The other 

residues were treated as background charges and the polarized protein-specific charge 

(PPC) model was used in our calculations. The PPC charges were fitted to electrostatic 

potentials using fragment quantum mechanical calculation of the protein. The molecular 

fractionation with conjugate caps scheme by incorporating the Poisson-Boltzmann 

solvation model (MFCC-PB) 90-94 was applied to iteratively fit the atomic charges. The first 

step of the iterative procedure was to solve the electronic structure of each individual 

amino acid fragment at the B3LYP/6-31G* level. In each fragment calculation, the rest 

atoms outside the QM region were considered as the background charges. The retinal 

was considered as part of the side chain. In the second step, the standard two-stage RESP 

method95 was used to fit the partial atomic charges of the entire system. The PB solver 

Delphi93 was employed to calculate the induced charges on the solute-solvent interface, 

which was defined using a probe radius of 1.4 Å. The grid density was set to 4.0 grids/Å 

in numerically solving the PB equation with a solvent dielectric constant of 80. The updated 

atomic charges were passed to the next interaction of charge fitting. This fitting procedure 

was repeated iteratively until the corrected reaction field energy calculated with Delphi 

converged and the variations of point charges were smaller than a given threshold. 
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Figures and Legends 
 

 
 
Fig 1. Introduction to spin dynamics. NMR experiments and membrane protein targeted in this 
work. (a) Methyl 13C hyperpolarization is created via a relay of cross-effect (CE) DNP, 1H-1H spin 
diffusion (SD) and hNOE. Further magnetization transfer from methyl 13C to other 13C takes place 
via 13C-13C SD. (b) NMR pulse sequence used here as described by Daube et al. 28. After the initial 
1H and 13C π/2 pulse trains (black) that destroy the residual magnetization, 1H-13C magnetization 
transfer occur during tbuild-up (polarization delay) via hNOE followed by 13C-13C SD. The signal is 
detected via a 13C reading pulse. The resulting spectra contain signals from both the direct (DNP) 
and indirect (hNOE) 13C polarization. A train of 1H π pulses (dashed bar) during tbuild-up, cancels the 
signal contributions from the hNOE.28 Difference spectra obtained with and without these 1H π 
pulses therefore show pure hNOE signals.  (c) Green proteorhodopsin (GPR) embedded in lipid 
bilayer with a methyl-group-labeled retinal chromophore and 13C-labeled residues (d) is used to 
demonstrate the magnetization transfer shown in (a).  (e) Upon light illumination, all-trans retinal in 
GPR switches to 13-cis (f) forming the GPR K-state. 
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Fig. 2: DNP-enhanced methyl 1H-13C hNOE spectra of [13C12,13,20-retinal]- and [13C10-18-retinal]-
GPR. (a) For [13C12,13,20-retinal]-GPR, the C20 methyl signal of negative intensity is detected, 
indicating the presence of hNOE/indirect magnetization transfer. Via 13C-13C SD, C20 
hyperpolarization further transfers to neighboring C12 and C13, which leads to the negative signal 
intensity of these two non-methyl carbons. For comparison, a 13C-DQF spectrum is shown.  (b) For 

[13C10-18-retinal]-GPR only the signal of C18 can be observed. In contrast to (a) none of the other 
carbons seen in the DQF spectrum can be detected, since magnetization transfer via SD occur 
much slower than in (a). For simplicity, all subsequent hNOE spectra are plotted with positive 
intensities. (c) Upon light illumination at 110 K, the K-photointermediate of GPR is generated and 
cryo-trapped. The hNOE spectrum of [13C12,13,20-retinal]-GPR shows signals of both dark- and K-
state. In particular, the C20 methyl signal of the K-state shows a drastic downfield shift compared 
to that of the dark-state, allowing the methyl signals in two states to be well-resolved. (d) In contrast 
to C20, the C18 methyl signal shows no observable shift passing from dark- to K-state with the 
same experimental procedure used for (c). 
 
 
 
 

a

N
Lys231

H
C16/C17

C18

C10-15

C10-15

b

C12 C13

180 160 140 120 100 80 60 40 20 0
13C chemical shift (ppm)

C20

N
Lys231

H

C20

N
Lys231

H

C20

C12 C13

light

N
Lys231

H

C12C13

c

DQF 1H-13C CP

1H-13C hNOE

C20

C12C13 C20 (K)
C13 (K)

C12 (K)

1H-13C hNOE

180 160 140 120 100 80 60 40 20 0
13C chemical shift (ppm)

C16/C17

C18

d

C13 C11
C14

C10/12

C15

C18
180 160 140 120 100 80 60 40 20 0

13C chemical shift (ppm)

180 160 140 120 100 80 60 40 20 0
13C chemical shift (ppm)

C18
C18 (K)

DQF 1H-13C CP

1H-13C hNOE

1H-13C hNOE

C20
C12C13

C12 C13
N

Lys231

H

C20

C20

C12C13

180 160 140 120 100 80 60 40 20 0
13C chemical shift (ppm)

1H-13C hNOE

N
Lys231

H
C16/C17

C18

C10-15

180 160 140 120 100 80 60 40 20 0
13C chemical shift (ppm)

1H-13C hNOE

C18

light

180o phase
adjustment

180o phase
adjustment



 23 

 
 

Fig. 3: hNOE build-up kinetics of the retinal C20 methyl group reports the local protein-retinal 
packing in GPR. (a) C20 hNOE build-up kinetics as a function of temperature in dark- and K-state 
GPR. Opposite trends are observed for both cases. (b) Calculated potential energy surface (PES) 
of retinal C20 in dark-state GPR. The relative energy is plotted as a function of the methyl group 
rotation expressed by the C12-C13-C20-H torsion angle. The maximum amplitude provides the 
rotation energy barrier. The slight asymmetry in the Gaussian-like shape is possibly caused by the 
asymmetric protein environment as shown in (d). (c) Qualitative bimodal relationship between 
hNOE build-up time constants and methyl reorientation correlation times. When the methyl 
reorientation rate approaches the range of 1H/13C Larmor frequencies, hNOE build-up occurs most 
rapidly. In the regime of high tc (blue branch), slower methyl reorientation leads to a slower hNOE 
build-up. In contrast, in the low tc regime (red branch), faster methyl reorientation would lead to a 
slower hNOE build-up. The hNOE build-up kinetics of C20 in dark state GPR therefore fits into the 
‘fast’ and that of K-state matches the ‘slow’ branch (see main text and SI for further details). (d) As 
suggested by the ground-state structural model of GPR, photoisomerization of retinal C13=C14 
double bond (shown in blue) can potentially cause steric clashing of C20 methyl group (shown in 
red) against surrounding bulky residues. 
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Fig. 4: 1D SIMPLE experiment enlightens selectively Tyr200 in GPR. (a) Sparse 13C labeling 
permits 13C hyperpolarization from the methyl hNOE site to be delivered to nearby carbons via 13C-
13C SD. The hNOE process has to be fast enough so that it is not rate-limiting the following SD 
step. (b) Signals of Tyr200 are selected via pair labelling with Pro201 ([U-13C-Tyr, 15N-Pro]-GPR) 
via a conventional N(CO)CX experiment or through SIMPLE via retinal carbon C20 ([U-13C-Tyr, 
13C12,13,20-retinal]-GPR). (c) DNP-DQF 1H-13C CP spectrum of [U-13C-Tyr, 15N-Pro]-GPR shows 
overlapping Tyr 13C signals without site resolution. (d) DNP- N(CO)CX spectrum of [U-13C-Tyr, 15N-
Pro]-GPR visualizes the unique Tyr200 (13C)-Pro201 (15N) pair (blue). Due to 15N scrambling of Pro 
in E. coli resulting in sparse 15N amide labelling of some residues, additional correlations with other 
Tyr 13C signals are observed (black). (e) SIMPLE experiment of [U-13C-Tyr, 13C12,13,20-retinal]-GPR 
highlights selectively 13C signals of nearby Tyr200 as the signals match those resolved on 2D 
N(CO)CX spectrum in (d). The * symbols marks signals of retinal carbons C12 and C13. (f) SIMPLE 
spectrum of illuminated and cryo-trapped [U-13C-Tyr, 13C12,13,20-retinal]-GPR shows chemical shift 
changes of retinal carbons due to the trans-cis isomerization and formation of the K-state. Tyr200 
13C chemical shifts remain unperturbed. 
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Fig. 5: Accessing subnanometer 13C-13C distances between retinal C20 hNOE hotspot and carbons 
in adjacent residues in sparsely 13C labeled GPR. (a) Different 13C reporters introduced via sparse 
and selective isotope labeling are highlighted in the PR structural model. A separate sample has 
been prepared for each labelling schemes. The 13C-13C SD build-up has then been measured in 
each of these samples.  (b) Carbon-carbon distances r between C20 and protein sites extracted 
from (a) plotted against the observed 13C-13C SD time constant (TSD). The data set can be described 

by 𝑟 = A ∗ 𝑇&'
(
)	as expected for 13C-13C SD. The gray curve corresponds to the best fit including 

all data, the black curve is the fitting result when ignoring the three outliers (see main text and SI 
for further details). The error bars present the standard deviations of TSD data fitting. Distance error 
bars were derived from structural variations between different protomers in the crystal structure 
(PDB 4JQ6). The data points are plotted in the same colors as the reporters highlighted in (a). 
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