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ABSTRACT 

INVESTIGATIONS OF MEMBRANE PROTEIN DYNAMICS USING SOLID STATE NMR

Daryl Good 

University of Guelph, 2019

Advisor: 

Vladimir Ladizhansky

 Proteins populate ensembles of conformations at ambient temperature. Protein dynamics result 

from transitions between conformational states and occur over a broad range of time scales. 

Although dynamics play important roles in protein function, understanding how the proteins’ 

interactions with the surrounding environment, e.g., with solvent, lipids and other proteins, affect 

the energetics of internal motions is a major challenge. In this Thesis, we focus on the analysis of 

motions in membrane proteins. They reside in a highly anisotropic environment of a lipid 

bilayer, and are not easily studied by commonly used techniques, such as x-ray crystallography, 

electron microscopy, or solution NMR. We use a novel technique of solid-state NMR (SSNMR) 

spectroscopy to investigate internal motions in two alpha-helical transmembrane microbial 

rhodopsins. 

First, we combine multidimensional SSNMR relaxation and order parameter 

measurements to characterize conformational dynamics of Anabaena Sensory Rhodopsin (ASR), 

a light sensing protein. We demonstrate that both fast picosecond and slow nanosecond motions 

occur in ASR; the amplitudes of the slower motions are small in the well-structured TM regions 

and increase towards the cytoplasmic ends of helices and the interhelical loop regions. Larger 

amplitudes of nanosecond motions on the cytoplasmic side of the TM helices correlates with the 



 

 

 

location of the binding sites where ASR is likely to undergo large conformational changes during 

the binding/unbinding of a soluble transducer.  

Second, we measure SSNMR bulk relaxation rates over the temperature range from 104 

K - 289 K in the light-driven proton pump green proteorhodopsin (GPR). Using model-free 

analysis, we directly determine the activation energies of the local backbone and sidechain 

fluctuations as well as of the sidechain rotations and collective backbone and side chain motions. 

We relate these motions to the dynamics of the solvent and the lipids, thus highlighting the 

influence of the surrounding environment on membrane protein dynamics.  

From a structural perspective, ASR and GPR share their alpha-helical bundle architecture 

with other membrane proteins and in particular, with G-protein coupled receptors. Understanding 

the nature of motions in ASR and GPR provides a general framework to understanding the 

factors determining stability and motions in other membrane proteins.
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1 Introduction to Membrane Protein Dynamics 

1.1 Introduction to Membrane Proteins 

Membrane proteins play vital roles in the life cycle of cells. Membrane proteins are 

involved in signal transduction between the cell and the surrounding environment.1–3 Membrane 

proteins are also involved in the transport of ions, water and other small molecules into or out of 

the cell.4–6 During processes associated with cellular energy production various membrane 

proteins are known to convert energy between light, molecular gradients and chemical 

potential.1,5,7  

Despite the importance of membrane proteins, our understanding of the functional 

mechanisms of many membrane proteins is more limited in comparison to cytoplasmic proteins 

due to several practical challenges that arise when studying membrane proteins. Membrane 

proteins contain large hydrophobic domains which do not interact favourably with water and 

must remain in a lipid-mimetic environment to maintain functionality. This complicates their 

isolation for experimental analyses.8 Additionally, this poses challenges for common 

experimental techniques used for the characterization of their structure, dynamics and, 

ultimately, function. 

Despite the challenges posed by membrane proteins, significant advances have been 

made in the study of their structure and dynamics. Following the ground breaking electron 

microscopy structure of bacteriorhodopsin9 (BR), as well as subsequent crystallographic 

structures of bacteriorhodopsin10–12 and bovine visual rhodopsin13 (Rho), many membrane 
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protein crystallographic structures have been produced.14,15 The use of detergent micelles8 and 

more recently nanodiscs16 has enabled the use of well-established solution nuclear magnetic 

resonance (NMR) methods to study structure and dynamics in a wide range of membrane 

proteins.17–19. Alternatively, solid state NMR techniques have recently been developed for 

structure determination8,20–28 and for characterization of membrane proteins dynamics.29–31 

Finally, cryo- electron microscopy (cryo-EM) is a rapidly developing and highly potent 

technique capable of determining structures of membrane proteins.32 

While understanding structure is important, proteins are not rigid objects and generally 

undergo internal motions on a wide range of scales; these motions are often essential for 

function.5,7,33 Owing to the diversity of motions which simultaneously occur in proteins, and to 

the wide range of timescales over which they can be observed, there are a wide variety of 

techniques which are used to study protein dynamics. Membrane protein dynamics have been 

characterized using nuclear magnetic resonance17–19,30, fluorescence spectroscopy34,35 and 

neutron scattering,36,37 to name a few.   

In this thesis we study two membrane proteins: Anabaena Sensory Rhodopsin38 (ASR) 

and Green Proteorhodopsin39 (GPR), both of which have been extensively characterized using a 

plethora of biophysical and structural techniques. Both proteins belong to the class of microbial 

rhodopsins, a well-studied family of light absorbing membrane proteins that share a seven 

transmembrane alpha helical structure (7TM).1,40 The seven membrane spanning alpha helices, 

typically labelled helix A–G, form a tight bundle around a light absorbing retinal cofactor which 

is covalently bound to helix G through a Schiff base. Microbial rhodopsins are found in archea, 

fungi and eubacteria.1 Within these organisms they are known to function as light-driven proton 
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pumps, chloride pumps, sensors and channels, to name a few (Figure 1).41,42 The microbial 7TM 

proteins have long served as tractable model systems for biophysical experiments, as they can be 

efficiently produced using host bacterial cells in a laboratory setting and are readily characterized 

using optical spectroscopy assays.43  Upon photoactivation, microbial rhodopsins undergo a 

photocycle which involves conformational changes in the retinal chromophore, as well as the 

associated structural rearrangements of a protein. By monitoring changes in the absorption 

spectra after activation, one can confirm protein functionality.44  
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Figure 1.1 Overview of microbial rhodopsins with different biological functions. Known ion 

pumping rhodopsins involved in bioenergetics processes are shown at the top. Microbial 

rhodopsins performing sensory reception which act via protein–protein interactions with 

guanylyl cyclase (GC), histidine kinase (HK) or a soluble transducer are shown in the middle. 

Light-activated ion channels are shown at the bottom. This figure was reproduced from reference 

42 in the Annual Reviews of Biochemistry. Reproduced with permission of ANNUAL 

REVIEWS in the format Thesis/Dissertation via Copyright Clearance Center.  
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The main focus of this thesis is on the dynamic properties of Anabaena Sensory 

Rhodopsin (ASR) and Green Proteorhodopsin (GPR). Here, we briefly discuss their general 

structural and dynamic properties, and how these are related to function. 

 

1.2 Green Proteorhodopsin 

GPR is a green light absorbing proton pump found in γ-Proteobacteria.39 Proton pumping 

in GPR is achieved by means of a photocycle, which is homologous to the photocycle of BR.40,45 

Despite the homology of GPR and BR, a high-resolution X-ray structure of GPR has not yet 

been determined, unlike BR.46 However, high-resolution X-ray structures of the homologous 

blue light absorbing proteorhodopsin (BPR) has been determined in the wild type form.47  

Broadly speaking, the structures of BR and BPR reveal a seven transmembrane alpha helical 

structure with a light absorbing retinal bound to a lysine sidechain via a Schiff base.  Photon 

absorption leads to a retinal isomerization which triggers a series of proton transfer steps, 

ultimately transporting a single proton from the cytoplasmic to the extracellular side (Figure 

2).41,45,48–50 
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Figure 1.2 (A) An overview of the photocycle of bacteriorhodopsin showing all the spectral 

intermediates with their observed absorption maxima and lifetimes at room temperature. (B) 

Overlay of the five proton transfers required for proton transport across bacteriorhodopsin: 1) 

The isomerization of the all-trans retinal following a photon absorption causes the Schiff base to 

give up its proton to deprotonated Asp85; 2) Glu194 and Glu204 release a proton to the solvent 

on the extracellular side; 3) Schiff base reprotonation occurs via proton transfer from the 

protonated proton donor residue, Asp96; 4) Deprotonated Asp96 receives a proton from the 

solvent on the cytoplasmic side of the protein; 5) The retinal then reforms to the all-trans ground 

state and the presence of a proton at the Schiff base causes the proton held at Asp85 to move to 

Glu194-Glu202 via Arg82.  Detailed descriptions which link the spectral intermediate states to 

the proton transfer steps can be found in reviews of BR45,48,49,51 and GPR1,48,50. Reprinted with 

permission from reference 48. Copyright 2009, with permission from Elsevier. 
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The known structural information about GPR comes from its solution NMR structure 

determined in diheptanoyl-phosphocholine (diC7PC) detergent micelles52, as well as from 

chemical shifts of GPR in native-like liposomes determined previously by our group using magic 

angle spinning (MAS) solid state NMR techniques43,53. The solid state NMR chemical shifts 

defined the helical boundaries, as well as the protonation states of several carboxylic acids. 

Similar to BR, GPR has a proline kink in helix C, a non-proline kink in helix G, a short β-turn in 

the B–C loop and a short α-helical segment in the E–F loop. The E–F loop is believed  to be 

important for the closure of helix F after it tilts away from the TM bundle to allow water 

molecules to penetrate into the transmembrane core and reprotonate the proton donor (Asp96 in 

BR and Glu108 in GPR).45,51,54,55 The single residue mutation A178R in the E–F loop has been 

shown to cause significant structural perturbations throughout helices E and F which greatly 

decrease the rate of photocycle turnover.56,57   

Although GPR shares many conserved residues with BR, especially in the retinal binding 

pocket, it also contains many unique residues in the membrane core, and in particular, lacks the 

extracellular proton-releasing complex, which consists of E194–E204 in BR. These glutamic 

acids are replaced by hydrophobic L209 and L219 residues in GPR, which may cause this 

extracellular loop to transiently act as a proton release plug.43,53 Intensities of solid state NMR 

signals corresponding to residues located near L209 and L219 were also quite low, suggesting 

high mobility of this region.43,53 Hydrogen–deuterium (HD) exchange detected by solid state 

NMR confirmed the flexibility of the F–G loop, as it is highly solvent accessible.58 

Recent studies of GPR determined that it can form a wide range of oligomeric structures 

depending on the surrounding environment, including monomers and dimers,59 as well as 
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pentamers and hexamers.60–63 An abundance of evidence suggests that pentamers and hexamers 

are the dominant oligomeric states in the native-like lipid systems61,64 as well as in the E. coli 

membrane.47,65 The functional importance of oligomerization in GPR is not well understood. 

However, in both BPR and GPR it has been suggested that the residue H75, which forms an 

intermonomer contact with W34, as well as an internal contact with the primary proton acceptor 

D97, is thought to control the pKa of the primary proton acceptor, thus affecting the rate of 

photocycle turnover.40,66–69 

 

1.3 Anabaena Sensory Rhodopsin 

ASR is a photosensory protein found in the cyanobacterium Anabaena (Nostoc) 

PCC7120.70 Its suggested biological function is the control of circadian processes through the 

regulation of gene expression. The regulation of gene expression is achieved through a soluble 

transducer (ASRT) (Figure 3).70,71 ASRT is known to interact with the cytoplasmic side of ASR, 

and can also bind with DNA.72,73 
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Figure 1.3 Schematic representation of the proposed functional cycle of ASR. ASR in the 

ground state with the all-trans retinal (ASRAT) is shown as interacting with the soluble 

transducer (denoted here as Tr) in the bottom left. Following a photon absorption, the retinal 

isomerizes around the C13=C14 double bond, which leads to a dissociation of the transducer 

protein in the spectrally distinct M intermediate state. A stable ASR ground state is formed upon 

association of the transducer protein with ASR, which still contains the C13=C14 isomerized 

retinal (ASR13C). The ASR all-trans retinal ground state (ASRAT) is reformed without 

dissociation of the transducer upon absorption of a photon. Reprinted with permission from 

reference 74. Copyright 2011 American Chemical Society. 

 

Crystallographic structures of both ASR and ASRT have been reported75,76, but not of 

their complex. Additionally, our research group has used solid state NMR to obtain nearly 

complete spectroscopic assignments of ASR77,78 and have determined its high-resolution 

structure79,80. Both the solid state NMR and crystallographic structures of ASR show a similarly 

organized rigid transmembrane core with the retinal molecule bound to K210 on the seventh 

helix (helix G) through a Schiff base.75,79 ASR oligomerizes into stable trimers in detergents, 

lipids80 and in the E. coli membrane,81 but exists in a dimeric state in crystals75.  
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While the transmembrane core is well defined in both crystals75 and lipids,79 the 

interhelical loops appear to be less structured. These loop residues potentially have increased 

flexibility compared to the transmembrane core, as is evidenced from the reduced NMR cross-

peak intensities78 and elevated B-factors in the crystal structure.75 Additionally, these residues 

have exchangeable backbone amides,77,79 which again points to a potentially higher degree of 

flexibility. Chemical shift assignments revealed the presence of double conformers for some of 

the residues on the cytoplasmic side,78 indicating either static disorder, or a very slow exchange 

on the time scale of several seconds or longer.79 Finally,  direct measurements of the dipolar 

order parameters revealed small amplitude motions persisting throughout the entire protein, with 

amplitudes increasing only slightly in residues in the loops compared to the transmembrane 

core.30 In the same study, elevated solid state NMR transverse R1ρ relaxation rates suggested the 

presence of slow (~100 ns) motions in the loops compared to the transmembrane core (~10 ns).  

In ASR, the phototransduction cascade is started by the absorption of light by retinal, 

which subsequently isomerizes from all-trans to 13-cis conformation (see Figure 3).74,82,83 Large 

structural changes within the protein following retinal isomerization have been observed using 

FTIR.43,67,82 Structural rearrangements upon illumination have been mapped to the cytoplasmic 

side of ASR by hydrogen-deuterium exchange solid state NMR experiments, and more 

specifically to helix G.84 Helix G is involved in an extended hydrogen bonding network that 

extends from the Schiff base to the cytoplasmic surface of ASR,43,75,82 and it has been proposed 

that retinal isomerization and subsequent deprotonation of the Schiff base may disrupt the 

cytoplasmic hydrogen bonding network .1,43 This increases the dynamic disorder of the 

cytoplasmic side of ASR, thus reducing its binding affinity for ASRT.43,74 
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1.4 Protein Dynamics in GPR and ASR 

 Throughout the photocycles of GPR and ASR, changes in the internal protein dynamics 

between intermediate states have been proposed to have functional implications. In ASR, 

motions of helix G and residues on the cytoplasmic side which occur upon photoactivation may 

play a critical role in its interaction with ASRT.30,43,78 In GPR, the highly mobile F–G loop has 

been suggested to act as a plug53, whereas motions of helix F and of the E–F loop in the 

intermediate states have been shown to be important factors in the overall rate of photocycle 

turnover56. Despite the potential importance of these protein motions, little is known about their 

specific characteristics.  

 

1.5 Overview of Protein Motions 

Proteins are highly dynamic entities, and they typically undergo local, collective and 

global motions that span time scales of many orders of magnitude, occur across a wide range of 

amplitudes and have a complicated energy landscape.85–87 Here, we review the types of motions 

which are commonly observed in proteins and the experimental techniques typically used to 

study these motions, and provide notable examples from the literature. As NMR techniques are 

available to study dynamics across all timescales, from picoseconds to seconds, we give special 

attention to these techniques. 
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1.5.1 Vibrational Motions 

 The fastest timescale of motions within proteins are the atomic vibrations, which occur 

on the femtosecond to picosecond time scale. In general, for a non-linear molecule with N atoms 

there are 3N–6 expected vibrational normal modes. However, due to the continually repeating 

amino acid backbone geometry, the normal modes of the protein backbone can be approximated 

by the molecule N-methylacetamide,88–90 which has 12 normal modes with N = 6 (assuming the 

CH3 group behaves as a point mass). These 12 normal modes can be observed directly using 

FTIR or Raman spectroscopy.90 Small deviations in the frequencies of these 12 normal modes 

have been extensively studied and related to numerous local backbone environment factors, 

including, but certainly not limited to, hydrogen bonding, protein secondary structure and local 

electric fields.88,89 

 

1.5.2 Localized Translational and Rotational Motions 

On the timescales of picoseconds to nanoseconds, individual atoms, as well as small 

groups of atoms within proteins, are involved in localized rotational and translational diffusive 

motions. Experimentally, Laue time resolved X-ray crystallography,91 Mössbauer Spectroscopy92 

and neutron scattering techniques,87 as well as solution NMR85,93 and solid state NMR94–96 

relaxation measurements, are particularly well documented methods for studying fast motions. 

These experimental techniques have been combined with Molecular Dynamics (MD) simulations 



 

 

13 

 

and are becoming an increasingly powerful method for providing a deeper understanding of 

experimental measurements of fast timescale dynamics.97 

A particularly well documented local rotational motion is the rotation of CH3 or NH3
+ 

groups around the central axis in what is referred to as a “three-site hopping motion”. The 

timescale of the CH3 three-site hop in BR has been observed to be in the ~10–100 ps range at 

room temperature,98 while the three-site hop of the NH3
+ group was estimated to be ~20 ns–2 µs 

in the backbone of crystalline amino acids.99–101 The temperature dependence of the timescale of 

these three-site hopping motions follows the Arrhenius equation, with  average activation 

energies in the ranges of 10–20 kJ/mol98,102,103 and 29–52 kJ/mol99–101 for CH3 and NH3
+ groups, 

respectively.  

Local backbone and non-methyl side chain motions have been linked to fluctuations of 

solvent on picosecond–nanosecond timescales in globular proteins.92,104 First, in hydrated protein 

samples the observed motional amplitudes of fast solvent motions from neutron scattering, as 

well as theoretically predicted motions from MD simulations, showed a distinct change in the 

temperature dependence of motional amplitudes above the temperature of 240 K.105 This distinct 

dynamics transition at 240  K was also measured for the Fe ion at the center of the protein 

oxymyoglobin using Mössbauer Spectroscopy.92 The coincidence of these transitions in both the 

solvent and protein suggests, and the dependence of the dynamics transition temperature on 

solvent properties shows, that fast protein motions are linked to solvent motions.86  

Finally, picosecond timescale sidechain motions have been observed directly in 

myoglobin using picosecond time-resolved Laue X-ray crystallography.106 It was found that the 
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migration of the bound ligand, which occurs on the 100 ps to 1 ns timescale, coincided with the 

timescale of coordinated protein sidechain motions in the vicinity of the carbon monoxide atom. 

 

1.5.3 Motions of Large Molecular Fragments 

 Motions of large groups of atoms, referred to as protein domains, have been observed 

over a wide range of timescales, from milliseconds to nanoseconds.85,87 These motions have been 

observed by structural determination of cryogenically or chemically trapped motional sub-states 

by X-ray diffraction, or by NMR. Selective labeling of protein domains with fluorescent or 

paramagnetic tags allows for monitoring domain motions.107–109  Finally, NMR techniques are 

available to probe domain motions on a broad range of timescales.93,95,96,110,111 

An excellent example of trapping protein domain motions is a study by Schlichting et al. 

on the cytochrome P450, which catalyzes the hydroxylation of nonactivated hydrocarbons in a 

stepwise reaction cycle.112 The researchers were able to first initiate the reaction cycle in a 

protein crystal, and then uniformly stall the reaction through several intermediate stages. These 

intermediate stages were subsequently cryogenically trapped, enabling structural determination 

by X-ray diffraction. It was observed that structural rearrangements on the order of 1 Å occurred 

between subsequent intermediate states. These structural rearrangements were localized to the 

backbone and sidechains of residues in the vicinity of the active catalytic site of the protein. 

Site-specific labelling and Fluorescence Resonance Energy Transfer (FRET) 

measurements were used to determine domain motions in ATP synthase.34  The γ subunit labeled 
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with fluorescence donor was found to rotate within the stator domain labeled with fluorescence 

acceptor, with a time constant of ~100 ms.  

1.5.4 Global Motions of Proteins 

 Rotational or translational diffusion of an entire protein can readily occur in specific 

environments. The timescales of these processes span a broad range, from nanoseconds to 

seconds, and depend on multiple factors including solvent viscosity, protein size, and 

temperature, as well as interactions of the protein with other proteins or compounds in the 

surrounding environment. 

In solution, rotational diffusion of the entire protein occurs on a timescale defined by 

Stokes’ Law:113,114 

𝜏𝑐 =
4𝜋𝜂𝑟3

3𝑘𝐵𝑇
     (1) 

where η the viscosity of the solution, r is the hydrodynamics radius of the protein, T is the 

temperature and 𝑘𝐵 is Boltzmann’s constant. For a roughly spherical protein, the hydrodynamic 

radius is related to the protein mass (M) as: 

𝑟 ≈ √
3𝑀

4𝜋𝜌𝑁𝑎

3
+ 𝑟𝑤.    (2) 

Here, 𝜌 is the protein density, typically 1.37 g/cm3, Na is Avogadro’s number, and 𝑟𝑤 is the 

thickness of the hydration shell surrounding the protein, typically 1.6 Å to 3.2 Å.113 
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 In solution NMR, rotational diffusion of the entire protein on the nanosecond timescale or 

faster is critically required to average out undesirable orientation dependent interactions that 

complicate NMR data. Consequently, the measurement of the rotational diffusion time (~12 ns 

for a typical 20 kDa protein115), and by extension the hydrodynamic radius, is a routine 

procedure in solution NMR.113  

Translational diffusion rates of proteins and protein complexes in solution can be measured by a 

variety of techniques, such as Pulsed Field Gradient NMR116 (PFG-NMR), Fluorescence 

Recovery After Photobleaching117 (FRAP), Fluorescence Correlation Spectroscopy118 (FCS) and 

dynamic light scattering119 (DLS), to name a few. Theory has been developed to characterize the 

translational diffusion of proteins over a wide range of timescales in a wide variety of protein 

systems. This theory has been reviewed by Grimaldo et al.,87 but is beyond the scope of this 

thesis. 

 

1.6 Application of NMR to Measuring Protein Dynamics 

NMR spectroscopy is a powerful tool that allows to probe protein backbone and 

sidechain dynamics on a wide range of time scales.93–96,110,111,120 Proteins can typically be studied 

in a native-like environment, 85,93 and site-specific dynamics can be assessed for the entire 

protein simultaneously, without the need to attach any labelling tag, provided that a protein can 

be isotopically labeled with 15N and/or 13C.113  This enables studies of protein dynamics under a 

variety of biologically relevant conditions, including a range of pH, interactions with ligands, 
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etc.18,93,111,121,122 Below we briefly review modern NMR techniques suitable for the studies of 

dynamics and their applications. 

 

1.6.1 Solution NMR Techniques for Measuring Protein Dynamics 

Local protein motions have been extensively studied using solution NMR measurements 

of the 15N and 13C R1 and R2 relaxation rates and the heteronuclear Nuclear Overhauser Effect 

(NOE).93,110,111,120 Combined analysis of this suite of measurements enables the site-specific 

determination of the order parameters and timescales of local protein motions. The order 

parameter gives a measure of motional amplitude and varies between 0 (isotropic motions) and 1 

(no motions).  Typically, local diffusive motions on the picosecond timescale can be analyzed 

from such measurements, but the applicability to the analysis of slower nanosecond internal 

motions is limited because of interference with global rotational diffusion, which occurs on a 

similar time scale.  

Measurements of fast sidechain motions utilize solution NMR 2H R1 and R1ρ relaxation 

measurements in selectively deuterated methyl groups to determine the reorientation of the 

central symmetry axis of the sidechain methyl groups.123 Due to the abundance of methyl groups 

in protein sidechains, the amplitude of the methyl group reorientation has been used as a proxy 

for the overall protein sidechain dynamics. In the protein calmodulin, changes in the amplitude 

of the methyl sidechain dynamics, induced by the binding of calmodulin to a ligand, correlated 

well with observed changes in the protein entropy.33,124 
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Slow motions and exchange between multiple conformations can be probed and 

quantified using a variety of solution NMR methods. These methods include R1ρ relaxation 

dispersion for probing microsecond to millisecond motions110,120 as well as ZZ exchange113,125 

and Carr−Purcell−Meiboom−Gill (CPMG) experiments126,127 for probing millisecond to seconds 

motions. Also, conformational exchange with “invisible” NMR states, which are infrequently 

populated, may be measured using the Chemical Exchange Saturation Transfer (CEST)128,129 or 

Dark-state Exchange Saturation Transfer (DEST)130–134 techniques.  

 In an example from solution NMR, CPMG used on the enzyme cyclophilin A (CYPA) 

provided evidence for a dynamic network of residues in the active site of the protein.121,122  

Residues in the substrate binding pocket experienced conformational exchange in the free protein 

and in the substrate bound assembly. It was observed that the binding of the substrate to the 

protein increases the lifetime of the final catalytic state. Similar substrate binding induced 

changes in protein dynamics have been observed by solution NMR in a wide variety of enzymes, 

as reviewed by Lisi et al.111 and Kovermann et al.93  

 

1.6.2 Solid State NMR Techniques for Measuring Protein Dynamics 

Applications of solid state NMR to studies of protein dynamics are more limited due to 

technical challenges associated with incomplete averaging of the orientation dependent 

interactions, in most cases the dipolar interactions between neighbouring 1H, 15N and 13C nuclei, 

as well as chemical shift anisotropies. In solution NMR these interactions are averaged out by 

global rotational diffusion; in the solid state where global motions are not present, the anisotropic 
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interactions tend to dominate the relaxation pathways even under the conditions of magic angle 

spinning (MAS)135,136 and heteronuclear decoupling137,138. These coherent contributions add to 

the measured R2 and R1ρ relaxation rates, but contain no information on dynamics and are 

difficult to quantify.94,139 Thus, it is difficult to back calculate the contributions to the measured 

R2 and R1ρ relaxation rates purely from protein motions (referred to as incoherent contributions). 

Furthermore, the residual anisotropic interactions increase spectral line widths in solid state 

NMR, making it more challenging to obtain site-specific resolution of the entire protein.8  

However, owing to methodological and technological developments, much success has 

recently been achieved in expanding the repertoire of solid state NMR techniques for measuring 

protein dynamics.94–96 First, highly deuterating protein samples by producing a 100% deuterated 

protein followed by back-exchange of 10–20% of the backbone amide sites has proven to greatly 

reduce the strength of residual dipolar couplings140 and to significantly reduce coherent 

contributions to the 15N R1ρ relaxation rates.141 By combining 15N R1ρ and R1 relaxation rates and 

dipolar recoupling measurements, the picosecond–microsecond timescale motions were 

quantified in the microcrystalline alpha-spectrin SH3 domain.142  The use of deuterated protein 

samples has more recently been demonstrated to benefit the analysis of slow millisecond to 

second timescale motions using CPMG for ubiquitin143 as well as Centerband-Only Detection of 

Exchange (CODEX) experiments for the alpha-spectrin SH3 domain144 and for crystalline 

urea145. 

Second, the use of fast magic angle spinning (fast-MAS) rates in excess of 50 kHz has 

also been shown to greatly reduce coherent contributions to the 15N R1ρ relaxation rates,139 as 

well as to reduce the averaging effects of proton-driven spin diffusion on the 13C R1 and R1ρ 
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relaxation rates146,147. It was demonstrated that combining 13C/15N R1 and R1ρ relaxation rates 

with dipolar order parameters30,148,149 allows for more accurate quantification of motions in GB1 

on the picosecond to microsecond timescale30,147. For example, multiple relaxation rate 

measurements at different magnetic fields were used to characterize two separate timescales of 

local fast motions in the β1 immunoglobulin binding domain of protein G (GB1)147 and to map 

dynamic changes occurring in GB1 upon binding to immunogloblin G (IgG).150  

Third, studies of temperature-dependent protein dynamics over a broad temperature 

range, down to 100 K, have allowed for a detailed understanding of the complex energy 

landscape which governs protein dynamics151–153. In a seminal paper by Lewandowski et al.,152 

solid state NMR relaxation rates were measured in GB1 in the temperature range from 100 to 

280 K. These measurements revealed distinct dynamical transitions in the protein backbone and 

side chains which correlated with the solvent dynamics. Specifically, they observed the onset of 

motions above ~220 K associated with the unfreezing of water bound to the protein, in 

agreement with the Mössbauer spectroscopy154 and neutron scattering studies155. A transition 

above ~160 K was also observed, where rotamer groups in side chains (CH3 and NH3
+) impact 

relaxation rates, which is in agreement with previous temperature dependent measurements of 

methyl rotation in BR probed using deuterium NMR98. Finally, a transition at ~250 K was 

observed and associated with large amplitude sidechain motions with activation energies of ~30 

kJ/mol.  

Finally, in solid state NMR there is, in principle, no strict size limitation imposed on the 

proteins or protein complexes being studied due to the absence of global protein rotation.150,156,157 

Notably, membrane protein dynamics can be studied in native-like lipid bilayers which form 
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large proteoliposome complexes.30,31,158,159 In contrast, non-native detergent micelles and 

nanodiscs have typically been used for solution NMR studies of membrane protein 

dynamics.30,31,160 In the next section we review studies of membrane protein dynamics by a 

variety of techniques, and highlight contributions made by solid state NMR to this field. 

 

1.7 Membrane Protein Dynamics 

As with soluble proteins, membrane proteins experience local and global motions across 

a broad range of timescales, from picoseconds to seconds. Membrane proteins differ from 

soluble proteins in that their dynamics are restricted by protein–lipid interactions in the TM core, 

in addition to protein–solvent interactions in the interhelical loop regions. Indeed, in membrane 

proteins there are large differences in the picosecond to nanosecond local dynamics of lipid 

exposed TM regions, as opposed to the solvent exposed loop regions, as evidenced from NMR 

signal intensities,29,31,43,161,162 NMR relaxation rates and dipolar order parameters19,30,31,159 and 

from a neutron scattering study combined with molecular dynamics simulations36. Despite the 

differences in the fast local dynamics between these regions, some evidence suggests that 

membrane protein dynamics are only weakly linked to the dynamics of the lipids29,159 and the 

solvent.37 This is in contrast to soluble proteins, which experience picosecond to nanosecond 

local motions that are “enslaved” by solvent motions.86 

 A solid state NMR study of the voltage-dependent anion channel isoform 1 (VDAC1) 

showed that changes in the lipid phase altered the motional regime of the lipids, but did not have 
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a significant impact on the protein structure or dynamics.29 In another solid state NMR study, the 

global dipolar order parameters measured in the G-protein coupled Y2 receptor indicated that 

42% of the protein were highly mobile, with most of the mobile residues located in the 

interhelical loops and at the ends of the TM helical regions.159 Similar to the VDAC1 study, 

changes in the membrane fluidity did not appear to significantly impact the overall mobility of 

the protein; however, a decrease in the membrane thickness increased the overall mobility of the 

protein, leading to a proposition that a decrease in the TM alpha helical composition which could 

have occurred in response to a decrease in the membrane thickness, could be responsible for the 

increase in the overall mobility. 

An elastic incoherent neutron scattering (EINS) study by Wood et al.37 highlighted the 

difference between picosecond to nanosecond dynamics in membrane proteins and the 

surrounding solvent. Their measurements of purple membranes containing the 7TM protein BR 

suggested that translational diffusion of water has only a small contribution to the overall protein 

dynamics at temperatures above 260 K. This is in contrast to soluble proteins, where protein 

dynamics are coupled to water dynamics at temperatures as low as 200 K coinciding with the 

onset of translational diffusion of the hydration water.86,163 

On slower timescales from nanoseconds to seconds, protein domain motions have been 

observed in the TM core of membrane proteins. In the beta barrel outer membrane protein A of 

Klebsiella pneumoniae (KpOmpA), 15N R1 and R1ρ relaxation rates revealed a possible rocking 

motion of the entire protein with an angle of ~10º.31 In the 7TM protein Anabaena Sensory 

Rhodopsin residue specific 15N R1ρ relaxation rates and backbone dipolar order parameters of the 

TM region were modelled as small-amplitude (less than 15º) rocking motions of individual 
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helices.30 Slow millisecond to second timescale motions of TM helices have also been observed 

in the A2A adenosine G-protein-coupled receptor (A2AR).18 A site-specific fluorine NMR label 

attached to the sixth helix TM6 reported on motions of this helix as the protein transitioned 

between G-protein bound and unbound conformational sub-states. Interestingly, these transitions 

occurred in both the free protein, and in the protein bound to extracellular agonist. Furthermore, 

the lifetimes of the G-protein bound sub-states increased as a result of the binding of the agonist, 

thus demonstrating a mechanism of ligand induced protein activation which is similar to the 

previously discusses example of CYPA121 and other soluble proteins studied by solution 

NMR.93,111 

Finally, two-dimensional rotational diffusion of membrane proteins in the plane of the 

lipid bilayer was first observed by solid state NMR for BR,164 and later for the 7TM G-protein 

coupled chemokine receptor CXCR1.8  An increase in the rotational diffusion rate with increase 

in temperatures can be detected through a significant decrease in static solid state NMR line 

widths, as well as through a decrease in the sideband intensity in solid state NMR spectra 

collected under slow MAS conditions.158,165 The reduction in NMR line widths due to rotational 

diffusion enabled the researchers to determine the high resolution structure of CXCR1.158,166 

Membrane protein dynamics have been probed on a broad range of timescales using a 

variety of techniques.94–96 However, details regarding how various factors, including membrane 

fluidity and temperature, affect the dynamics of different regions of the protein are not well 

understood. In this thesis we seek to probe the dynamics of two membrane proteins, Anabaena 

Sensory Rhodopsin and Green Proteorhodopsin. In ASR we site-specifically investigate the local 

and collective motions, with particular focus on how these motions differ between the TM 
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helices and the inter-helical loop regions. In GPR we seek to characterize the energy landscape 

of motional processes which occur in different regions (e.g., TM vs. loops, and backbone vs. 

sidechains).  We use solid state NMR as a primary experimental technique, as it is well suited for 

studying membrane proteins in a native-like lipid environment, and can be used for the 

characterization of motions occurring on timescales from seconds to picoseconds. 
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2 Theoretical Background of Protein Solid State Nuclear Magnetic 

Resonance General Methods and Dynamics Measurements 

2.1 Spin ½ Nuclei 

The general concepts of both solution and solid-state Nuclear Magnetic Resonance 

(NMR) spectroscopy are explained at length in multiple reference textbooks, e.g., in references 

1–4.  The main ideas of NMR that will be drawn upon here are based on the “Multidimensional 

Solid State NMR and Polymers” by Schmidt-Rohr and Spiess4. 

Nuclei composed of protons (spin ½ particles) and neutrons (spin ½ particles) can often 

have a non-zero spin angular momentum.  The nuclei most commonly studied in NMR 

experiments of biological molecules are 1H, 13C, 15N and 31P, all of which have a total spin of ½.  

When a spin ½ nucleus is placed in a static magnetic field, the interaction of its magnetic 

moment with the magnetic field is quantized into two discrete energy states.  This is called the 

Zeeman interaction and, assuming that the magnetic field is along z-axis, is described by the 

following Hamiltonian: 

𝐻0 = −ℏ𝛾𝐵0𝐼𝑍.         (2.1) 

Here, B0 is the strength of the external magnetic field, γ is the gyromagnetic ratio, ℏ is the 

Planck’s constant and 𝐼𝑍 is the nuclear spin operator with eigenvalues of +½ and -½ for a spin ½. 

Assuming positive gyromagnetic ratio, at thermal equilibrium the lower energy state 

corresponding to the state +½ has a higher population with the ratio between populations which 

is related to a temperature factor, kBT, by the Boltzmann distribution: 
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𝑁1/2

𝑁−1/2
= exp (

ℏ𝛾𝐵0

𝑘𝐵𝑇
).         (2.2) 

The population difference between the two spin states causes a magnetization of the 

sample which is aligned with the static magnetic field along the z-axis.  Using a radiofrequency 

coil surrounding the sample the direction of the net magnetization can be rotated with respect to 

the external magnetic field by applying a time dependent magnetic field at a frequency that is 

equal to or close to the Larmor frequency of the nucleus, 𝜔0:  

𝜔0 = −𝛾𝐵0.          (2.3) 

The rotation of the net magnetization due to radiofrequency pulses is discussed in more 

detail in section 2.2.4.  We now consider the case when the net magnetization has been perturbed 

by a radiofrequency pulse from its equilibrium state such that it is directed perpendicular to the 

static magnetic field at the end of the pulse. In this case the magnetization will experience a 

torque which will cause it to precess with the Larmor frequency in the plane perpendicular to the 

static magnetic field.  This precession causes a time-dependent magnetic flux in the coil 

surrounding the sample, which is then detected as a time-dependent current. As the time 

dependence of the flux and the induced current are sinusoidal, a Fourier transform of the signal 

results in a single peak at the Larmor frequency.  At a magnetic field strength of 18.8 T the 

Larmor frequencies of 1H, 13C and 15N are 800.5 MHz, 201.3 MHz and 81.1 MHz respectively. 

For convenience, the Hamiltonians in the discussions of NMR experiments are conventionally 

expressed in frequency units with ℏ divided out. 
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2.2 General NMR Hamiltonians and Interactions 

In NMR experiments on spin ½ nuclei the magnitude of the splitting between the two 

energy levels (and therefore also the Larmor frequency) is altered by several weaker interactions.  

First, there is the chemical shift interaction which is caused by a shielding of a nuclear spin from 

the external magnetic field by surrounding electrons.  Second is the dipolar coupling, which is a 

through-space interaction between the neighboring nuclear magnetic moments.  Third is the J-

coupling, an interaction between nuclear magnetic moments which is mediated through bonds. 

The final interaction is between the nuclear magnetic moment and the applied radiofrequency 

magnetic field generated in a coil surrounding the sample. The total nuclear spin Hamiltonian is 

the sum of all these interactions with the Zeeman Hamiltonian (𝐻0): 

𝐻𝑁𝑀𝑅 = 𝐻0 + 𝐻𝐶𝑆 + 𝐻𝐷 + 𝐻𝐽 + 𝐻𝑟𝑓 .      (2.4) 

In high magnetic field NMR experiments discussed here, the Zeeman interaction is 

several orders of magnitude larger than any of the other interactions.  Therefore, the eigenstates 

of the total nuclear spin Hamiltonian are to a very good approximation determined by the 

eigenstates of the Zeeman term. Under this secular approximation, the contributions from non-

commuting parts of the chemical shift HCS, dipolar HD, and J-coupling HJ interactions are 

neglected, and only the commuting parts need to be considered. They will perturb the 

eigenvalues of the Hamiltonian in a small but measurable way.   
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2.2.1 Chemical Shift 

 As a result of the interaction of electrons surrounding a nucleus with the external 

magnetic field, the nucleus is partially shielded from the magnetic field. This results in a partial 

shift (called chemical shift) in its Larmor frequency.  Due to the anisotropic character of the 

electron density distribution, the chemical shift interaction is also anisotropic, i.e., it depends on 

the orientation of the electron density cloud with respect to the external magnetic field.  It can be 

shown in general that the chemical shift Hamiltonian has the following form:4 

𝐻𝐶𝑆 = −𝛾𝐼�̂�𝐵,⃑⃑⃑⃑           (2.5) 

where 𝐼 and �⃑⃑� are the nuclear spin and external magnetic field vectors and �̂� is the chemical shift 

tensor: 

�̂� = (

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧
𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧
𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

).        (2.6) 

The tensor is diagonal in the special frame, called the principal axis system (PAS): 

�̂� = (

𝜎11
𝜎22

𝜎33

).        (2.7) 

The three principal components 𝜎𝑖𝑖 (i=1,2,3) define the symmetry of the interaction.  The 

isotropic component is given by the rotationally invariant trace of the tensor   

𝜎𝑖𝑠𝑜 =
1

3
(𝜎11 + 𝜎22 + 𝜎33).        (2.8) 
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The chemical shift anisotropy (CSA) is described by an anisotropy parameter (δ) and an 

asymmetry parameter (η):5  

𝛿 = 𝜎33 − 𝜎𝑖𝑠𝑜 ,         (2.9) 

𝜂 =
𝜎22−𝜎11

𝜎33−𝜎𝑖𝑠𝑜
.          (2.10) 

The secular part of the total chemical shift Hamiltonian that commutes with the Zeeman 

Hamiltonian, can be written as4 

𝐻𝐶𝑆 = 𝐻𝐶𝑆,𝑖𝑠𝑜 +𝐻𝐶𝑆𝐴 = −𝛾𝐵0𝜎𝑖𝑠𝑜𝐼𝑍 − 𝛾𝐵0𝛿
1

2
(3 cos2 𝜃 − 1 + 𝜂 sin2 𝜃 cos(2𝜙))𝐼𝑍. (2.11) 

Here θ and 𝜙 are the angles between the PAS and the static magnetic field defined by the 

orientation of the crystal. In a powder sample there are a large number of randomly oriented 

crystallites which results in a distribution of the observable CSA frequencies resulting in a broad 

NMR spectrum. 

In order to facilitate the comparison of chemical shifts at different magnetic fields, the 

chemical shift is measured as a part per million (ppm) frequency shift with respect to a standard 

compound.  In protein NMR, 2,2-dimethyl-2-silapentane-5-sulfonate, sodium salt  (DSS) is 

used.6,7 
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2.2.2 Dipolar Coupling 

 The dipolar coupling is the direct through-space interaction between magnetic dipoles 

associated with nuclear spins. This interaction is described generally for two nuclei 𝐼 and 𝑆  by 

the following Hamiltonian:4 

𝐻𝐷,𝐼𝑆 = 𝑏𝐼𝑆 ∙ (3(𝐼  ⋅ 𝒓𝑰𝑺⃑⃑ ⃑⃑ ⃑⃗  𝑟𝐼𝑆⁄ )( 𝑆 ⋅ 𝒓𝑰𝑺⃑⃑ ⃑⃑ ⃑⃗  𝑟𝐼𝑆⁄ ) − 𝐼  ⋅  𝑆)    (2.12) 

Here 𝒓𝑰𝑺⃑⃑ ⃑⃑ ⃑⃗  is the internuclear vector connecting the two interacting spins 𝐼  and 𝑆, 𝑟𝐼𝑆 is the 

internuclear distance and 𝑏𝐼𝑆 is the dipolar coupling constant for spin I and spin S which has the 

following form: 

𝑏𝐼𝑆 = −
𝜇0

4𝜋
ℏ
𝛾𝐼𝛾𝑆

(𝑟𝐼𝑆)3
.         (2.13) 

𝜇0 is the permeability of free space, and 𝛾𝐼/𝑆 is the gyromagnetic ratio of the nucleus I or S.  In 

the secular approximation the dipolar coupling can be written in two forms that depend on 

whether the two interacting nuclei are of the same type (homonuclear) or of different type 

(heteronuclear):4 

𝐻𝐷,𝐼𝐼 = 𝑏𝐼𝐼
1

2
(3 cos2 𝜃𝑖𝑗 − 1)(3𝐼𝑖𝑧𝐼𝑗𝑧 − 𝑰𝑖⃑⃑⃗ ⋅ 𝑰𝑗⃑⃑⃗)     (2.14) 

𝐻𝐷,𝐼𝑆 = 𝑏𝐼𝑆(3 cos
2 𝜃𝐼𝑆 − 1)𝐼𝑧𝑆𝑧.       (2.15) 

The Hamiltonian for the homonuclear dipolar interaction, 𝐻𝐷,𝐼𝐼, and heteronuclear dipolar 

interaction, 𝐻𝐷,𝐼𝑆, are completely anisotropic and depend on the angle 𝜃𝑖𝑗 between the 

internuclear vector 𝒓𝒊𝒋⃑⃑ ⃑⃑ ⃗ and the static magnetic field �⃑⃑⃑�, the latter chosen to be along z-axis.  As 
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with the chemical shift interaction, the anisotropy of the dipolar coupling interaction results in a 

broad NMR spectrum in a powder sample of randomly oriented crystallites. 

 

2.2.3 J-Coupling 

 Indirect spin-spin coupling or J-coupling is an internuclear spin-spin interaction which is 

mediated through bonds. The interaction is given by the following Hamiltonian after the secular 

approximation:4 

𝐻𝐽 = 2𝜋𝐽𝐼𝑆𝐼𝑍𝑆𝑍.         (2.16) 

Here, 𝐽𝐼𝑆 is the J-coupling constant between the two interacting nuclei. 

 

2.2.4 Radio Frequency Pulses and the Rotating Frame of Reference 

 Radio-frequency (RF) pulses are applied as a time-dependent current which generates a 

time-dependent magnetic field inside a solenoid coil surrounding the sample.  The RF 

Hamiltonian is written in terms of the strength of the generated magnetic field, 𝐵1, the frequency 

of the pulse, 𝜔𝑟𝑓 and a phase shift, 𝜑𝑟𝑓: 

𝐻𝑟𝑓 = 2𝛾𝐵1 cos(𝜔𝑟𝑓𝑡 + 𝜑𝑟𝑓)𝐼𝑥       (2.17) 

The linearly polarized RF field can be expressed as the sum of two circularly polarized 

contributions rotating in opposite directions.  Assuming that 𝜔𝑟𝑓 ≈ 𝜔0, the contribution from the 
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component which rotates in the direction of the precession of a nuclear magnetic moment will 

have a dominant effect on the magnetic moment. The relative effect of the component that 

rotates in the opposite direction of the precession of the magnetic moment generates a small 

Bloch-Siegert shift which is proportional to (𝐵1 2𝐵0⁄ )2~10−7.8,9   In a typical high-field NMR 

experiment, 𝐵0 is several orders of magnitude greater than 𝐵1, and therefore this effect is 

negligible.   

Under this approximation the RF Hamiltonian can be further simplified – it becomes 

time-independent if viewed in the frame of reference that rotates at a frequency of 𝜔𝑟𝑓 in the 

direction of the precession of the magnetic moment:  

𝐻𝑟𝑓,𝑟𝑜𝑡 = 𝛾𝐵1𝐼𝜑𝑟𝑓 = 𝜔1𝐼𝜑𝑟𝑓 = 𝜔1(cos𝜑𝑟𝑓 𝐼𝑥 + sin𝜑𝑟𝑓 𝐼𝑦) .   (2.18) 

The effect of the phase shift, 𝜑𝑟𝑓, of the RF pulse is that it defines the direction of the RF 

Hamiltonian in the x-y plane. 

In this rotating frame of reference, the apparent isotropic Larmor frequency, 𝜔0,𝑟𝑜𝑡 is 

given by 𝜔0 − 𝜔𝑟𝑓.  In particular, if a radio-frequency pulse is applied exactly on resonance with 

the Larmor frequency (i.e., 𝜔𝑟𝑓 = 𝜔0), then the total NMR Hamiltonian becomes equivalent to 

the RF Hamiltonian, provided that the effect of anisotropic interactions during the pulse can be 

neglected:  

𝐻𝑁𝑀𝑅,𝑟𝑜𝑡 = 𝐻𝑟𝑓,𝑟𝑜𝑡 = 𝜔1𝐼𝜑𝑟𝑓 .       (2.19) 
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If 𝜑𝑟𝑓 = 0 then this is analogous to saying that the effective magnetic field is along the x-

axis in the rotating frame. It will cause a torque on the magnetization, and its nutation at the 

frequency 𝜔1 in the y-z plane of the rotating frame.   

In practice there is almost always a non-zero offset, ∆= 𝜔0 − 𝜔𝑟𝑓, of the Larmor 

frequency of a nucleus from the frequency of the RF pulse. In the case when ∆≪ 𝜔1, the total 

nuclear spin Hamiltonian is still dominated by the RF term during the pulse, and all other terms 

can be neglected (the strong pulse approximation).  In the opposite case of ∆≫ 𝜔1 the effect of 

RF Hamiltonian can often be considered small and therefore neglected (the weak pulse 

approximation).  

 

2.3 Magic Angle Spinning 

In a powder sample, the orientation dependence of the dipolar coupling and/or 

anisotropic chemical shift interaction results in an anisotropically broadened NMR spectrum.10  

 

Figure 2.1 Experimental setup used for solid state NMR studies of membrane proteins using 

magic angle spinning.  Reprinted with permission from reference 11. Copyright 2015 The 

Protein Society. 
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The anisotropic line broadening of both the CSA and the dipolar coupling can be 

removed through the use of magic angle spinning (MAS).12,13  In a MAS experiment, the sample 

is spun in a rotor at an angle of 𝜃𝑅 =54.7º (the magic angle) with respect to the external 

magnetic field (Figure 2.1). Spinning the sample induces a time dependence in the dipolar and 

chemical shift Hamiltonians: 

𝐻𝐷,𝐼𝑆 = 𝜔𝐷,𝐼𝑆(𝑡)𝐼𝑧𝑆𝑧        (2.20) 

𝐻𝐷,𝐼𝐼 = 𝜔𝐷,𝐼𝐼(𝑡)(3𝐼𝑖𝑧𝐼𝑗𝑧 − 𝑰𝑖⃑⃑⃗ ⋅ 𝑰𝑗⃑⃑⃗)      (2.21) 

𝐻𝐶𝑆,𝐼 = 𝜔𝐶𝑆,𝐼(𝑡)𝐼𝑧.        (2.22) 

The time dependent strength of the heteronuclear or homonuclear (IS or II) dipolar 

interactions are related to the rotor spinning frequency 𝜔𝑅 by the following equation:14 

𝜔𝐷,𝐼𝑆(𝑡) = 𝑏𝐼𝑆{𝐺0 + 𝐺1 cos(𝜔𝑅𝑡 + 𝜑𝐼𝑆) + 𝐺2 cos(2𝜔𝑅𝑡 + 2𝜑𝐼𝑆)}   (2.23) 

Where the two polar angles (𝜃𝐼𝑆 and 𝜑𝐼𝑆) define Euler rotations of the I-S vector from the PAS to 

the rotor frame at time t=0. The 𝐺0, 𝐺1 and 𝐺2 coefficients are time independent and given by 

𝐺0 = −
(3 cos2 𝜃𝑅−1)

2

(3 cos2 𝜃𝐼𝑆−1)

2
       (2.24) 

𝐺1 =
3

4
sin 2𝜃𝑅 sin 2𝜃𝐼𝑆        (2.25) 

𝐺2 = −
3

4
sin2 𝜃𝑅 sin

2 𝜃𝐼𝑆        (2.26) 
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The time dependency of the chemical shift interaction is given by the following equation 

in relation to the rotor spinning frequency 𝜔𝑅:14 

𝜔𝐶𝑆,𝐼(𝑡) = 𝜔0𝜎𝑖𝑠𝑜 + 𝜔0𝛿{𝑔0 + 𝑔1 cos(𝜔𝑅𝑡 + 𝜓1) + 𝑔2 cos(2𝜔𝑅𝑡 + 𝜓2)}  (2.27) 

Where 𝜎𝑖𝑠𝑜 and 𝛿 are defined by Equations 2.8-2.9, the three Euler angles (𝛼, 𝛽 and 𝛾) define 

the rotation of the chemical shift tensor from the PAS to the rotor frame, and 𝑔0, 𝑔1, 𝑔2, 𝜓1 and 

𝜓2 are given as 

𝑔0 =
(3 cos2 𝜃𝑅−1)

2
{
(3 cos2𝛽−1)

2
+
𝜂

2
sin2 𝛽 cos 2𝛾}     (2.28) 

𝑔1 = −
1

2
sin 2𝜃𝑅 sin 𝛽 {(𝜂 cos 2𝛾 + 3)

2 cos2 𝛽 + 𝜂2sin2 2𝛾}
1
2⁄    (2.29) 

𝑔2 =
1

2
sin2 𝜃𝑅 {[

3

2
sin2 𝛽 −

𝜂

2
cos 2𝛾 (1 + cos2 𝛽)]

2

+ 𝜂2 cos2 𝛽 sin2 2𝛾}

1
2⁄

 (2.30) 

𝜓1 = 𝛼 + tan
−1 {

𝜂 sin2𝛾

(𝜂 cos2𝛾+3) cos𝛽
}       (2.31) 

𝜓2 = 2𝛼 + tan
−1 {

−𝜂 cos𝛽 sin2𝛾

3
2⁄ sin2 𝛽−

𝜂
2⁄ cos2𝛾(1+cos2𝛽)

}.     (2.32) 

The components of the orientation-dependent interactions which are related to the 

constant G1 and G2 or g1 and g2 oscillate with frequencies of 𝜔𝑅 and 2𝜔𝑅 (see Eqs. 2.23 and 

2.27).  At spinning frequencies that are much greater than the overall anisotropy strength, these 

components of the anisotropic interactions are effectively averaged to zero over the whole rotor 

period (Figure 2.2, bottom trace). By selecting the axis of rotation to be at the “magic angle” of 

54.7 with respect to the static magnetic field, the components of the orientation-dependent 
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interactions that are related to G0 or g0 become zero since they are scaled by 3 cos2 𝜃𝑅 − 1 (Eqs. 

2.24 and 2.28). Thus, at fast spinning frequencies the spectrum consists of a single peak at the 

position of the isotropic chemical shift, which is the only remaining term in the chemical shift 

and dipolar coupling Hamiltonians. 

At spinning frequencies that are comparable to the strength of the anisotropic interaction, 

the periodic time dependence results in spectral spinning sidebands spaced at multiples of the 

spinning rate from the isotropic peak (centerband). The sideband intensities decrease in 

amplitude as the rotor frequency increases (see Figure 2.2). 
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Figure 2.2 Simulated spectra of backbone amide 15N (σiso=119.6 ppm, magnetic field strength of 

600 MHz) resulting from 15N-1H dipolar coupling under the static condition and at the MAS 

spinning frequencies of 2 kHz, 6 kHz and 12.5 kHz.   Simulation was done with the SIMPSON 

software15 using the standard backbone dipolar coupling constant bIS=11.477 kHz corresponding 

to the backbone N-H internuclear distance of 1.01 A.16 

 

2.4 1H Decoupling 

In a typical fully protonated protein sample, high proton density and strong proton-proton 

dipolar couplings contribute to a significant broadening of 13C and 15N resonances even at high 

magic angle spinning rates. This line broadening can be greatly reduced by applying 1H 

decoupling radiofrequency pulses during the acquisition of 15N or 13C NMR signals.  The first 
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applications of proton decoupling involved continuous wave (CW) irradiation but suffered from 

the offset resonance effects.17 Much better performance is achieved by phase modulated 

decoupling methods, e.g., two pulse phase modulation (TPPM)18 and the small phase incremental 

alternation with 64 steps (SPINAL-64)19. 

The use of 1H decoupling in combination with MAS has enabled the site-specific 

resolution of the isotropic 15N and 13C chemical shifts of small peptides with ~10 residues in a 

one-dimensional (1D) spectrum.  As shown in Figure 2.3B, for the membrane proteins such as 

ASR with more than 200 residues, site specific resolution in a 1D spectrum is obscured by 

spectral overlap, with the exception of a small number of chemically unique 15N and 13C atoms. 

To obtain site-specific resolution in solid-state NMR, one must also use multidimensional 

spectroscopy, which often relies on cross polarization techniques for the polarization transfer 

between nuclear spins. These are discussed in the next section. 

 

2.5 Cross Polarization and Multidimensional Spectroscopy 

To obtain site specific resolution in membrane proteins such as ASR and GPR the peaks 

corresponding to 15N and 13C atoms are spread out into multiple spectral dimensions by 

transferring polarization between neighboring dipolar coupled nuclei (I and S). This transfer is 

typically accomplished using cross-polarization (CP).20 In a simple 1D CP MAS experiment 

(e.g., Figure 2.3A), heteronuclear spins are simultaneously irradiated  by applying CW or 
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amplitude-modulated radiofrequency pulses at power levels 𝜔1
𝐼  and 𝜔1

𝑆 matching either zero 

quantum (ZQ) or double quantum (DQ) Hartman Hann (HH) conditions:21 

ZQ: |𝜔1
𝐼 − 𝜔1

𝑆 | = 𝑛𝜔𝑟, n = 1, 2       (2.33) 

DQ: |𝜔1
𝐼 +𝜔1

𝑆 | = 𝑛𝜔𝑟, n = 1, 2.       (2.34) 

Under HH conditions, the effective two-spin dipolar Hamiltonian becomes22 

𝐻𝑍𝑄 = 𝐷𝑍𝑄(𝐼
+𝑆− + 𝐼−𝑆+)        (2.35) 

𝐻𝐷𝑄 = 𝐷𝐷𝑄(𝐼
+𝑆+ + 𝐼−𝑆−)        (2.36) 

where DZQ  and DDQ are the effective dipolar coupling constants.23  These Hamiltonians drive 

transitions between the spin states such that the magnetic moments of the spins become 

approximately equilibrated with each other. It should be noted that in a typical protein sample, 

due to variations in the isotropic chemical shifts and RF field inhomogeneity, there is a small 

offset in the effective field strengths experienced by nuclear spins.23 These offsets result in small 

deviations from the exact HH  condition. To accommodate for these deviations, the power of one 

of the continuous wave pulses is typically ramped around the optimal HH matching condition 

such that at some point during the pulse each matching condition is satisfied. Additionally, under 

fast MAS conditions, adiabatically slow passage through the HH condition allows to obtain 

higher polarization transfer efficiency.24 

The idea of multidimensional NMR25 is illustrated below using an example of a 2D 15N-

13Cα (NCA) experiment which correlates chemical shifts of the backbone amide nitrogen and Cα 
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carbon atoms (Figure 2.3C). It begins with an excitation of 15N polarization by 1H/15N CP. This 

polarization is allowed to evolve under isotropic chemical shifts during the indirect t1 evolution, 

whereas fast MAS and heteronuclear decoupling ensure that all other interactions are effectively 

removed. In the following mixing step accomplished using a band-selective 15N-13Cα CP,23 the 

polarization is transferred to the 13Cα carbons, and allowed to evolve under the isotropic chemical 

shifts of 13Cα’s. Here, again, all other interactions are removed by MAS and heteronuclear 

decoupling. The experiment is repeated for multiple t1 values, resulting in a 2D array of signals 

that depend on t1 and t2. 2D Fourier transform results in a 2D NCA correlation spectrum (Figure 

2.3D). It establishes intraresidue correlations between 15N and 13Cα and can resolve many 

backbone sites. For example, about 70 sites can be uniquely resolved in ASR (Figure 2.3D).  

More complicated three-dimensional 15N-13Cα-
13Cx (NCACX), 15N-13C’-13Cx (NCOCX) and 

(13C’-15N-13Cα) CONCA (Figure 2.3E)  experiments establish correlations between the backbone 

and side chain nuclei, and form the basic suite of experiments for spectroscopic assignments.26–29 

In particular, the 3D CONCA experiment correlates backbone atoms 13C’, 15N, and 13Cα, and 

provides excellent,  nearly complete site-specific resolution in ASR (See Figure 2.3F). 
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Figure 2.3 Representative 1D, 2D, and 3D pulse sequences and corresponding spectra of ASR. 

(A) Pulse sequence used to acquire 1D 15N spectrum with 1H-15N CP. (B) 1D 15N spectrum of 

ASR acquired at 4ºC, 600 MHz 1H Larmor frequency and 12 kHz MAS spinning frequency. (C) 

Pulse sequence for 2D NCA experiment. NMR signal is directly detected on the 13Cα nuclei and 

indirectly detected on the backbone 15N nuclei with cross-polarization used for band selective 

signal transfer between the 15N and 13Cα spins. (D) 2D NCA spectrum of ASR correlating 

chemical shifts of backbone 15N and 13Cα spins. Spectrum was acquired at 7 ºC, 600 MHz 1H 

Larmor frequency and 8 kHz MAS spinning frequency. (E) Pulse sequence for 3D CONCA 

experiment. NMR signal is directly detected on the 13Cα nuclei and indirectly detected on the 

backbone 15N, and backbone 13C’ nuclei with cross-polarization used for two band selective 

transfers from 13C’ to 15N and from 15N to 13Cα.  (F) Representative F2−F3 (NCA) 2D plane of a 

3D CONCA experiment acquired on ASR at 7 ºC, 800 MHz 1H Larmor frequency and 14.3 kHz 

MAS spinning frequency. (D) and (F) are reprinted with permission from reference 30, copyright 

2014 American Chemical Society. 
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While the cross polarization technique is effective for heteronuclear magnetization 

transfers, in solid-state NMR studies of proteins, it is often desirable to transfer magnetization 

between the neighboring homonuclear 13C-13C spin pairs.  Dipolar assisted rotational resonance 

(DARR)31 is a broadbanded technique which is commonly used to obtain 2D 13C-13C spectra as 

well as to correlate chemical shifts of carbon atoms in the 3D NCACX and NCOCX spectra at 

moderate spinning frequencies. Other techniques include radio frequency driven recoupling 

(RFDR)32,33 and the highly frequency selective rotational resonance (R2)34,35 technique. 

 

2.6 NMR Signal Relaxation 

Following excitation of an NMR signal, the nuclear spin polarization undergoes a 

precession in the plane perpendicular to the static magnetic field which gradually decreases in 

amplitude, and eventually returns to thermal equilibrium.  Both the buildup of the magnetic 

moment along the axis of the magnetic field and its decay in the transverse plane of precession 

are approximated as exponential processes which are characterized by the longitudinal relaxation 

time (T1) and the transverse relaxation time (T2), respectively.   Here T2 refers to the transverse 

relaxation time constant of a nuclear spin polarization in the absence of any radiofrequency 

pulses. A different transverse relaxation time constant, T1ρ, is observed when a continuous wave 

radiofrequency lock pulse is applied to the nuclear spins along the axis of polarization. 

Longitudinal and transverse relaxation constants are fundamentally related to thermal 

motions of atoms or groups of atoms in a molecule; these motions cause fluctuations in the local 
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magnetic field due to the CSA and dipolar interactions,36,37 which in turn induce transitions 

between the nuclear spin eigenstates, and cause the system to return to equilibrium.  

The contributions of the CSA and dipolar interactions to the relaxation rate constants R1, 

R2, and R1ρ which are the inverse of the relaxation times T1, T2 and T1ρ, have the following 

relations:36,38 

𝑅1
𝑋 = ∑ 𝑅1,𝑑𝑖𝑝𝑜𝑙𝑎𝑟

𝑋𝑌
𝑌 + 𝑅1,𝐶𝑆𝐴

𝑋         (2.37) 

𝑅1𝜌
𝑋 = ∑ 𝑅1𝜌,𝑑𝑖𝑝𝑜𝑙𝑎𝑟

𝑋𝑌
𝑌 + 𝑅1𝜌,𝐶𝑆𝐴

𝑋        (2.38) 

𝑅2
𝑋 = ∑ 𝑅2,𝑑𝑖𝑝𝑜𝑙𝑎𝑟

𝑋𝑌
𝑌 + 𝑅2,𝐶𝑆𝐴

𝑋         (2.39) 

Here, X=13C, 15N or 1H, and XY=HN, CH or CN, representing the dipolar couplings between 

neighboring nuclei, and the summation extends over all interacting nuclear spins 

The rate with which fluctuations induce relaxation of the nuclear magnetic moment to the 

equilibrium state is characterized by the frequency-dependent spectral density function, 𝐽(𝜔)39,40 

which is defined as the Fourier transform of the autocorrelation function of the local magnetic 

field fluctuations.36 It contains the essential physical information about the atomic motions.  In 

the simplest model (Simple Model Free, SMF), the spectral density function can be calculated by 

assuming that local motions are random within a spatially confined region.41,42 The amplitude of 

the constrained motions is parameterized by the order parameter 𝑆2, where 𝑆2 = 0 is defined as 

completely isotropic motion, and 𝑆2 = 1 corresponds to the rigid motional limit.  In this model 

the temporal dependence of the auto correlation function 𝐶(𝑡) of the local magnetic field is 
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approximated as a single exponential decay, defined by the characteristic correlation timescale of 

motions, 𝜏𝑐:   

𝐶(𝑡) = 𝑆2 + (1 − 𝑆2)𝑒−𝑡 𝜏𝑐⁄ .        (2.40) 

The Fourier transform of this autocorrelation function results in the following spectral 

density function J(ω):41 

𝐽(𝜔) =
2

5
(1 − 𝑆2)

𝜏𝑐

1+𝜔2𝜏𝑐
2.        (2.41) 

This simple model free formalism can be further extended to describe more complex 

systems containing two or more simultaneously occurring motional processes. The extended 

model free (EMF) spectral density function of a system with motions on two timescales (fast, 𝜏𝑓 

and slow, 𝜏𝑠) has the following form:43,44 

𝐽(𝜔) =
2

5
(1 − 𝑆𝑓

2)
𝜏𝑓

1+𝜔2𝜏𝑓
2 +

2

5
𝑆𝑓
2(1 − 𝑆𝑠

2)
𝜏𝑠

1+𝜔2𝜏𝑠
2’     (2.42) 

where 𝑆𝑓
2 and 𝑆𝑠

2 are the respective order parameters for the fast and slow motions. Additional 

details of more complicated multimodal motions, their field and temperature dependences are 

discussed in Chapters 3 and 4.  

The full equations relating the dipolar and CSA contributions to the solid state NMR 

longitudinal and transverse relaxation rates via the spectral density functions are given by 

Kurbanov et al.,38 Schanda et al.36 and by Farès et al.65. These equations are quite complicated 

and depend on a number of experimental conditions such as MAS frequency and 1H decoupling 
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power. In this thesis we will give full equations for the relaxation rates used in each section as 

they relate to the different experimental conditions investigated. An example based from our 

previously published work30 illustrating how 15N R1ρ relaxation rates and order parameter 

measurements can be used to estimate the time scale and amplitude of backbone motions in ASR 

is discussed below in Section 2.8. 

 

2.7 Dipolar Chemical Shift Correlation Spectroscopy 

Amplitudes of motions can be probed directly by measuring the site-specific strengths of 

the dipolar couplings between nuclear spins using Dipolar Chemical Shift (DIPSHIFT) 

correlation spectroscopy.30,45–48  Under MAS and high power decoupling  conditions, the 

anisotropic interactions are averaged out;18 dipolar and/or CSA recoupling pulse sequences need 

to be applied in order to recouple and site-specifically measure anisotropic interactions.49–52  A 

number of dipolar recoupling pulse sequences have been developed for the use in DIPSHIFT 

experiments on biomolecules.53–56 In this thesis the transverse MREV (T-MREV8) sequence 

which simultaneously removes proton couplings using homonuclear decoupling sequence 

MREV-8 (Mansfield, Rhim, Elleman and Vaughan),57,58  and recouples 15N-1H or 13C-1H 

couplings56 is used.  Additionally, the Z-filtered transferred-echo double-resonance (ZF-

TEDOR) sequence is used for recoupling of 15N-13C couplings.59–61 

The use of DIPSHIFT spectroscopy allows for the site-specific measurements of 

motional amplitudes. The experimentally observed dipolar coupling strength of a spin pair which 
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is subjected to motions on a submicrosecond time scale, is partially reduced due to the rapid 

reorientation of the internuclear vector.  The extent of averaging depends on the amplitude of 

motions and is quantified by an order parameter S which is defined as the ratio of the 

experimentally observed dipolar coupling and its rigid limit: 

𝑆 =
𝑏𝐼𝑆,𝑜𝑏𝑠

𝑏𝐼𝑆,𝑟𝑖𝑔𝑖𝑑
          (2.43) 

 A previous study illustrating the application of DIPSHIFT spectroscopy for the site- 

specific measurement of the dipolar order parameters in ASR is presented in Section 2.8. 

The order parameter allows in some cases for a simple geometrical interpretation. One 

simple motional model for a one bond libration motions describes the free isotropic diffusion of 

an internuclear vector within a cone.  In this model the order parameter can be directly related to 

the cone angle 𝜃 which defines the magnitude of the free diffusion of the internuclear vector:45,53 

𝑆 = ½cos 𝜃 (1 + cos 𝜃)        (2.44) 

More complex motional models have been developed to determine the order parameter of 

anisotropic motions of amino acids and molecular fragments.40,62 They are discussed in the 

following Section 2.8, and in Chapter 3. 
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2.8 Previous Measurements of Dipolar Order Parameters and R1ρ 

Relaxation Rates in Anabaena Sensory Rhodopsin 

To provide further insight into the use of NMR signal relaxation and DIPSHIFT 

spectroscopy to study protein dynamics the results of a previous study on ASR by Good et al30 

are now summarized.  In that study site-specific backbone 15N-1H, 13Cα-
1H, 15N-13Cα and 15N-

13C’ dipolar order parameters as well as the site specific 15N R1ρ relaxation rates were measured 

on ASR. Using DIPSHIFT spectroscopy, the 15N-1H and 13Cα-
1H dipolar order parameters were 

measured using the TMREV dipolar recoupling sequence.  The 15N-13Cα and 15N-13C’ dipolar 

order parameters were measured using the ZF-TEDOR dipolar recoupling.  The 15N R1ρ 

relaxation rates were measured at MAS spinning rate of 50 kHz and a spinlock power of 12 kHz 

both of which were determined to be sufficiently large such as to minimize coherent 

contributions from residual dipolar couplings to the measured relaxation rate.63  Additionally, the 

spinlock pulse was applied on resonance such that the resonance offset was <5% for all residues 

and therefore neglected. 

The experimentally determined dipolar order parameters are shown in Figure 2.4. In 

general, they are slightly lower than the rigid limit, indicating small motional amplitudes.  

Additionally, only small deviations between the transmembrane regions and the interhelical loop 

regions are observed indicating that only the small amplitude motions are present throughout the 

protein. 
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Figure 2.4 One-bond order parameters for 1H−15N (A), 1Hα−13Cα (B), 15N−13Cα (C), and 
15N−13C′ (D) couplings as functions of residue number. Residue number for the peptide bond 

order parameters in (D) is defined according to the carbonyl. For each of the measured 

couplings, the dipolar order parameters were calculate using Eq. 2.43 using bond lengths of 1.01 

Å for N−H, 1.10 Å for Cα−Hα, 1.46 Å for N−Cα, and 1.33 Å for N−C′.16,64 Figure is reproduced 

with permission from reference 30, copyright 2014 American Chemical Society. 

 

Order of magnitude deviations in the 15N R1ρ relaxation rates are observed between the 

loop regions and the TM regions (see Figure 2.5A).  Since dipolar order parameters suggest that 

there are no significant variations in motional amplitudes between the TM and loop regions this 

suggests that differences in the timescale of motions must be causing the differences in the R1ρ 

rates. An estimate of the order of magnitude of the timescale of the backbone motions is shown 

in Figure 2.5B using the simple model free formulation of the spectral density function (Eq. 

2.41) with the measured 15N-1H dipolar order parameters used for the generalized order 

parameter S2.  Under the experimental conditions the dipolar and CSA contributions to the 15N 

R1ρ relaxation rate have the following relations to the spectral density function, J(ω):36,38 
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𝑅1𝜌,𝑑𝑖𝑝𝑜𝑙𝑎𝑟
𝑁𝐻 =

𝑏𝑁𝐻
2

4
(
1

2
𝐽(𝜔𝐻 − 𝜔𝑁) +

3

2
𝐽(𝜔𝑁) + 3𝐽(𝜔𝐻 + 𝜔𝑁) + 3𝐽(𝜔𝐻) +

1

3
𝐽(𝜔1 − 2𝜔𝑟) +

2

3
𝐽(𝜔1 − 𝜔𝑟) +

2

3
𝐽(𝜔1 + 𝜔𝑟) +

1

3
𝐽(𝜔1 + 2𝜔𝑟))     (2.45) 

𝑅1𝜌,𝐶𝑆𝐴
𝑁 = (𝛿𝐶𝑆𝐴,𝑁𝜔𝑁)

2
(
3

8
𝐽(𝜔𝑁) +

1

12
𝐽(𝜔1 − 2𝜔𝑟) +

1

6
𝐽(𝜔1 − 𝜔𝑟) +

1

6
𝐽(𝜔1 + 𝜔𝑟) +

1

12
𝐽(𝜔1 + 2𝜔𝑟))         (2.46) 

where, 𝜔𝐻 is the 1H Larmor frequency (800 MHz), 𝜔𝑁 is the 15N Larmor frequency (81 MHz), 

𝜔1 is the spinlock power (12 kHz) and 𝜔𝑟 is the MAS spin rate (50 kHz). 

 

Figure 2.5 (A) Site-specific 15N R1ρ relaxation rate constants determined at 12 kHz spinlock 

power, and (B) motional correlation times estimated using single exponential autocorrelation 

function approximation as discussed in the text. Error bars define a 95% confidence level 

interval. Arrows indicate cases where only the lower bound on the correlation time could be 

extracted.  Figure and caption reproduced with permission from reference 30, copyright 2014 

American Chemical Society. 
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It was observed that the small amplitude motions are on the 10-100 ns timescale in the 

interhelical loop regions but on the 1-10 ns timescale in the TM regions of ASR (see Figure 

2.5B).  The timescales determined using the SMF approach were confirmed using a more 

sophisticated Three Dimensional Gaussian Axial Fluctuation Model (3D-GAF).40,62 This model 

suggested that these motions could be described by helical “rocking” motions with amplitudes of 

~10º-20º. 

The results of this study on ASR are expanded upon in Chapter 3 with the addition of site 

specific 15N R1 and 15N R1ρ measurements made at two different magnetic field strengths and two 

different temperatures.  The additional data allowed for more sophisticated modelling of the 

motions present in ASR. 
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3 Solid-state NMR provides evidence for small-amplitude slow 

domain motions in a multi-spanning transmembrane α-helical 

protein 

This chapter has been republished:1 

Good, D.; Pham, C.; Jagas, J.; Lewandowski, J. R.; Ladizhansky, V. Solid-State NMR Provides 

Evidence for Small-Amplitude Slow Domain Motions in a Multispanning Transmembrane α-

Helical Protein. J. Am. Chem. Soc. 2017, 139 (27), 9246–9258. 

It is republished with permission from the American Chemical Society. The full text is available 

at  https://pubs.acs.org/doi/full/10.1021/jacs.7b03974.  Further permissions related to the 

material excerpted should be directed to the American Chemical Society. 

Author Contributions: 

DG performed all NMR experiments and performed the majority of the data analysis.  

Samples were reused from the previous studies.2,3 

 

3.1 Introduction 

While three-dimensional structures of proteins provide important basic insights into their 

internal organization, it has been long recognized that internal dynamics play critical role in 

https://pubs.acs.org/doi/full/10.1021/jacs.7b03974
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protein function. A variety of biological processes such as conformational transitions, allostery, 

enzymatic activity depend on the proteins’ internal plasticity4–7 on the time scales that span many 

orders of magnitude.4,8,9 Because of its functional significance, protein dynamics have attracted 

considerable attention in recent years. A wide range of experimental methodologies is required in 

order to capture the dynamic richness of proteins’ internal motions.10–13 In particular, solution 

Nuclear Magnetic Resonance (NMR) methods have been used extensively to probe dynamics of 

globular proteins, as described in a number of recently published review articles.4,6,8,9,14,15  

In systems in which an applicability of solution NMR is limited by slow molecular 

tumbling, solid-state NMR (SSNMR) is becoming an increasingly popular approach for the 

characterization of protein dynamics.2,16–25 Membrane proteins represent one such class where 

the study of structure26–29 and dynamics2,30–35  remain a challenge.  Recent methodological and 

technological advances in SSNMR, in particular the availability of ultrafast magic angle spinning 

(MAS) probes capable of achieving spinning rates of 50 kHz and higher,36,37 and an extensive 

use of deuteration techniques have paved the way for measuring relaxation rates which are 

sensitive probes of motions.16,18,19,38–41 Whereas under moderate spinning frequencies 15N 

longitudinal and especially transverse relaxation rates, more accurately dubbed coherence 

lifetimes,42 are in large part defined by incomplete averaging of coherent interactions, these 

interactions are effectively suppressed under ultrafast MAS.37 Specifically, coherent 

contributions to the R1ρ relaxation rates of 15N37 and 13C36 are greatly attenuated at MAS rates 

greater than 50-60 kHz. Similarly, ultrafast spinning helps suppress rate-averaging effects from 

proton-driven spin diffusion on the longitudinal R1 relaxation times measurements (20 kHz for 

15N R1,
43,44 60 kHz for 13C’ R1 

45,46).  
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Our main focus in this chapter is on internal dynamics of a lipid-embedded seven 

transmembrane helical (7TM) receptor Anabaena Sensory Rhodopsin (ASR) from the 

cyanobacterium Anabaena sp. PCC 7120.47 In a previous SSNMR study the order parameter 

measurements and transverse 15N R1ρ measurements at ultrafast MAS rates of 50 kHz were used 

to report on the internal motions in ASR2. We used Simple Model Free and Gaussian Axial 

Fluctuation48 analyses to interpret the observed order parameters and elevated R1ρ relaxation 

rates to estimate time scales of collective motions of the well-defined structural elements such as 

TM helices and structured loops. TM helices were estimated to move on a time scale on the order 

of ~10 ns, whereas two extracellular BC and FG loops were subjected to motions on a time scale 

of 10-100 ns.  The model assumed the collective motions as the dominant relaxation 

mechanisms, and neglected the contribution from fast local motions to the R1ρ relaxation rates 

and the dipolar order parameters. 

In this chapter, we expand our measurements to include 15N R1 measurements at two 

different fields of 600 MHz and 800 MHz performed at two temperatures of 7 °C and 30 °C, as 

well as additional 15N R1ρ data at 30 °C. We interpret the data by modeling ASR dynamics as a 

combination of fast local (ps) and slower collective (ns) motions. We show that motions in the 

center and on the extracellular side of helices are dominated by the fast picosecond motions (e.g., 

they have larger contribution to the overall amplitude), whereas contribution from the 

nanosecond motions is greater on the cytoplasmic side of helices and in inter-helical loop 

regions.  
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3.2 Materials and Methods 

3.2.1 Sample 

ASR samples were prepared as described previously.49 Briefly, C-terminally truncated 

His6-tagged ASR was expressed in BL21 Codonplus RIL E. coli cells grown on M9 minimal 

medium at 30 °C using 1 g of 15N-labeled ammonium chloride as the sole nitrogen source, and 4 

g of either [2-13C]-labeled glycerol, [1,3-13C]-labeled glycerol, or [U-13C]-labeled glucose as 

carbon sources for alternately (below referred to as 2-ASR and 1,3-ASR, respectively) or 

uniformly [13C,15N]-labeled ASR samples (UCN ASR), respectively. Protein expression was 

induced by the addition of IPTG to a final concentration of 1 mM when the cell density reached 

A600=0.4 OD. Retinal was added exogenously at a concentration of 7.5 μM at the time of 

induction. The cells were collected by centrifugation and then treated with lysozyme (0.2 mg/ml) 

and DNase I (2 μg/ml) before being broken by sonication. The membrane fraction was 

solubilized in 1% DDM (n-dodecyl β-D- maltoside) at 4 °C and purified following the batch 

procedure described in the Qiagen Ni2+-NTA resin manual. The purified protein was 

concentrated to approximately 3 ml in a pH 8 buffer containing 5 mM NaCl, 10 mM Tris Base 

and 0.05% DDM. Liposomes were prepared by hydrating dried DMPC and DMPA mixed in 9:1 

ratio (w/w), and mixed with the solubilized ASR at a protein:lipid ratio of 2:1 (w/w) at pH=8 and 

stirred at 5 °C for 6 hours. The detergent was removed by adding 0.6 mg/ml of Bio-beads (SM-

II, Bio-Rad Laboratories, Inc., Hercules, CA, USA) and mixing for 24 hours. Proteoliposomes 

were removed from Bio-beads by a 27G syringe needle and collected by ultracentrifugation at 

150,000 ×g for 50 minutes. The buffer was changed to a pH=9 (10 mM NaCl and 24 mM 
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CHES), and the sample was further ultracentrifuged into a small pellet at 900,000 ×g for 3 hours 

and packed into either thin-walled 3.2 mm or 1.3 mm Bruker rotors.  

Table 3.1: List of experiments used in the data analysis. 

Parameter Temperature Magnetic field strength 

Dipolar Order Parameter, 𝑆𝑁𝐻
2 * 7 °C 600 MHz 

15N R1 7 °C 600 MHz 

15N R1 7 °C 800 MHz 

15N R1 30 °C 800 MHz 

15N R1ρ* 7 °C 800 MHz 

15N R1ρ 30 °C 800 MHz 

*previously reported data from reference 2 

Site-specific 15N R1 relaxation measurements were carried out on 1,3-ASR and 2-ASR at 

two temperatures of 7 °C and 30 °C. 15N R1ρ relaxation rate measurements were carried out on a 

UCN ASR at 30 °C. We analyze these results along with previously reported measurements of 

backbone 15N-1H dipolar order parameters and transverse R1ρ relaxation rates measured at 7 °C,2 

as summarized in Table 3.1.  

 

3.2.2 NMR Spectroscopy 

3.2.2.1 Reassignment of chemical shifts at 30 °C. 

Three-dimensional CANCO and NCACX chemical shift correlation experiments at 30 °C 

were collected on a Bruker Avance III spectrometer operating at 800 MHz 1H Larmor frequency 
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on a 3.2 mm Efree MAS probe at a spinning rate of 14.3 kHz, using previously published pulse 

sequences.50 Sample temperature was calibrated with external references of methanol51 and 

KBr,52 and was maintained at 30 °C.  

1H/15N cross-polarization (CP)53 of 2 ms duration with an 15N field strength of 35 kHz 

and with the proton field ramped 10% around the n=2 Hartmann−Hahn (HH)54 matching 

condition was used in the NCACX experiment. 15N/13Cα band-selective CP55 was performed with 

a 5 ms contact time with a spinlock field on 15N at ~36 kHz, and with the carbon field intensity 

ramped linearly (10%) around 22 kHz. DARR (dipolar assisted rotational resonance) 

recoupling56,57  of 50 ms was used for 13C-13C mixing.  

1H/13C cross-polarization (CP) of 2 ms duration with a 13C field strength of 55 kHz and 

with the proton field strength ramped linearly (10%) around the n = 2 HH matching condition 

was used in the CANCO experiment. 15N/13Cα band-selective CP55 was performed with a 5 ms 

contact time with a spinlock field on 15N at ~36 kHz, and with the carbon field ramped linearly 

(10%) around 22 kHz. The 15N/13C’ band-selective CP was performed using the same 15N lock 

field with the 13C field ramped linearly around 50 kHz, and with the 13C carrier frequency placed 

at 175 ppm. SPINAL-64 decoupling58 with a field strength of 84 kHz was used during both the 

direct and indirect chemical shift evolution periods in all experiments. 

3.2.2.2 Dipolar order parameter measurements at 30 °C. 

We used TMREV recoupling59 for 1H-15N order parameter measurements. TMREV 

recoupling was implemented in a constant time manner with four TMREV elements per rotor 

cycle (TMREV-4) as shown in Figure 3.1A, which required proton radio frequency (RF) field 
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strength of ~96 kHz (90° pulse duration of 2.6 μs). TPPM60 decoupling of 96 kHz was used 

during the remainder of the echo period. The total echo period was set to 12 rotor cycles.  

TMREV dipolar order parameter measurements require high RF fields, and were carried 

out using a 3.2 mm MAS TL2 (solenoid) HCN Bruker probe. Because of the sample heating 

caused by high 1H RF power applied during the dipolar recoupling/decoupling periods, our ASR 

samples were not sufficiently stable at 30 °C on a time scale of a typical three-dimensional 

DIPSHIFT experiment (e.g., a series of NCA/NCO 2D planes measured as a function of the 

dipolar dephasing takes about 6-7 days). We therefore conducted two-dimensional TMREV 

experiments (e.g., a series of 1D spectra as a function of TMREV dipolar dephasing takes about 

1 hour) to probe overall dynamics in the protein. These measurements were performed at 30 °C 

and repeated at 7 °C on a Bruker Avance III 600 MHz spectrometer, at a spinning rate of 8 kHz.   

3.2.2.3 Longitudinal 15N relaxation measurements at 7 °C and 30 °C.  

15N R1 relaxation rate measurements were carried out using Bruker 3.2mm MAS Efree 

triple resonance probes at two fields corresponding to 1H Larmor frequencies of 600 MHz and 

800 MHz, and at two temperatures of 7 °C and 30 °C. For each of the fields and temperatures, a 

series of 2D NCA and NCO afterglow61 correlation spectra were recorded as a function of 

recovery delays  of 1, 5, 10,  20, and 30 s using a pulse sequence shown in Figure 3.1B.  

Samples were spun at a MAS rate of 19 kHz to minimize the rate-averaging effects from 15N-15N 

proton driven spin diffusion.43,44 
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3.2.2.4 15N R1ρ relaxation measurements at 30 °C. 

15N R1ρ relaxation rate measurements at 30 °C were performed at 800 MHz 1H Larmor 

frequency using a Bruker 1.3 mm MAS triple resonance probe, with 15N spin lock of 12 kHz, and 

at a spinning rate of 55 kHz. A series of 2D NCACB correlation spectra were recorded as a 

function of spinlock times of 0.02, 50, 100, 200 and 300 ms using a pulse sequence shown in 

Figure 3.1C. TPPM48 decoupling62 at a power set to approximately a quarter of the spinning 

frequency  was used in the direct and indirect chemical shift evolution dimensions. DREAM 

mixing63,64 was used to induce 13Cα/
13Cβ transfer by applying a 3.5 ms (pulse length was 

optimized experimentally) pulse of a tangential shape centered at 27.5 kHz, with 13C carrier 

frequency set at 45 ppm. 
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Figure 3.1. Dipolar recoupling and 15N relaxation measurement pulse sequences used in this 

study. Hollow and filled bars represent 90° and 180° pulses, respectively.  (A1) 15N detected and 

(A2) 13Cα detected TMREV recoupling59 was used to probe 15N-1H dipolar couplings. TMREV 

pulse train was applied for increasing duration during a constant-time interval of length 12tr 

(m=6).  Four MREV65,66 blocks were applied per rotor period tr (n=4), with the overall phase of 

each block incremented by 90° (TMREV-4). TPPM decoupling60 was used for the remainder of 

the 12tr period. Phase tables were as follows: f1=y -y, f2=x, f3=x, f4=x, f5=x x y y -x -x -y -y, f7=x 

x y y -x -x -y -y, frec=x -x y -y -x x -y y. (B) For 15N R1 measurements 2D NCA and afterglow 

NCO spectra61 were acquired as a function of recovery time τ  of 1s, 5s, 10s, 20s and 30s. The 

following phases were used: f1=x x -x -x, f2=y, f3=y, f4=x x x x -x -x -x -x, f5=x -x x -x x -x x -x, 

f6=y, f7=8(x) 8(-x), f8=8(x) 8(-x), f9=x, f10=-x,  frec=x -x -x x -x x x -x -x x x –x x -x -x x. (C) For 

R1ρ measurements 2D NCACB correlation spectra were recorded as a function of a spinlock time 

τ. The phases were as follows : f1=y -y, f2=x, f3=x, f4=x, f5=x x y y -x -x -y -y, frec=x -x y -y -x x 

-y y.  The phase of all other pulses including the spinlock pulse was x. 
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3.2.3 Data analysis. 

All 2D and 3D chemical shift correlation spectra were processed with NMRPipe67 using 

Lorentzian-to-Gaussian apodization functions.  Peak amplitudes were extracted using the CARA 

software.68 Overlapping peaks were fit to multiple Gaussian functions and linear deconvolution 

was performed to estimate the amplitude of each peak.  

In all relaxation experiments, peak amplitudes were fit to a single exponential decay 

function, where the fit parameters were the relaxation rate and an overall amplitude scaling 

factor.  

 Peak amplitudes extracted from TMREV experiments were fit to the theoretical three-

spin model of the TMREV dipolar recoupling which takes into account couplings to the directly 

bonded and one remote protons.59,69 The fit parameters were the dipolar coupling constant to the 

directly bonded proton, effective relaxation constant and an overall amplitude scaling factor.  

The dipolar order parameters were determined by comparing the best fit dipolar coupling 

constant with the known dipolar coupling constant in the static limit using 1.02 Å N-H bond 

length.70 

The effects of random noise on the best fit R1, R1ρ, and order parameters results were 

assessed with Monte Carlo simulations using an in-house written program.  Gaussian-distributed 

random noise with a width determined by the experimental root mean square noise was added to 

the best fit theoretical signal to produce an array of 5000 simulated signals. The simulated 

signals were refit to theoretical models to determine the distribution of the fit parameters that 

result from random spectral noise.  Errors are reported at the 95% confidence level. 
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3.3 Results 

3.3.1 Spectroscopic assignments and structural perturbations at 30 °C. 

 We have previously shown that ASR forms stable trimers,3,71,72 which arrange into 2D 

crystalline domains with a characteristic domain size of ~50 nm.72 ASR remains in a trimeric 

state at 30 °C (as evident for example, from the characteristic bilobe CD spectra in the visible 

range71), and this prevents the protein from rapid axial diffusion in the bilayer. Accordingly, the 

analysis of the 15N sideband patterns indicate full strengths of the CSA tensors for these nuclei 

(Figure 3.2).  

 

 

Figure 3.2. A comparison of 15N spectra of ASR collected on a 600 MHz spectrometer at a 

spinning rate of 8 kHz, and at 7 °C and 30 °C. Spinning sideband intensities remain unchanged 

and match the theoretical simulation of a typical 15N chemical shift anisotropy (CSA) tensor, 

overall indicating that the protein does not undergo rotational diffusion. Simulation was 

performed using the program SIMPSON73 with the CSA parameters of 𝛿𝐶𝑆𝐴= -109 ppm, η=0.2.74  
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We have previously reported spectroscopic assignments of ASR at 5 °C (the amino acid 

sequence, secondary structure and assignments are summarized in Figure A1.1),49,75 and they 

remain unchanged at 7 °C. We observed, however, that at a higher temperature of 30 °C the 

intensities of cross peaks decrease, and many cross peaks show small but noticeable shifts. To 

confidently reassign peaks and track any possible structural changes, we have carried out three-

dimensional CANCO and NCACX experiments at 30 °C, and were able to reassign the majority 

of peaks using chemical shift mapping. Temperature dependent chemical shift perturbations 

occur throughout the protein but remain within 0.9 ppm and 1.5 ppm for carbon atoms (Cα, Cβ, 

C’) and 15N, respectively (Figure 3.3). Overall, the changes in chemical shifts do not correspond 

to any large changes in secondary structure, with the extents of helices and local structural 

deviations from helicity remaining essentially at the same positions. Specifically, the structure of 

the BC loop remains β-hairpin, and the FG loop shows some β-secondary structure albeit not as 

well-defined as in the BC loop.  
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Figure 3.3. Results of CANCO experiments performed on a UCN ASR sample in 

DMPC/DMPA proteoliposomes prepared at a 2:1 protein:lipid ratio (w/w) in a pH=9 (10 mM 

NaCl and 24 mM CHES) buffer. (A) A comparison of cross peak intensities in the CANCO 

experiments recorded at 7 °C and 30 °C. (B) Chemical Shift Index (CSI)76 δCα-δCβ at 30 °C. (C) 
15N amide and (D) 13Cα chemical shift differences between 30 °C and 7 °C. 
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The elevated temperature has much more pronounced effect on signal intensities than on 

chemical shifts. The efficiency of 1H/15N and 1H/13C CP excitation decreases by about 10-15%, 

whereas the efficiency of 15N/13C CP decreases by ~20%, overall resulting in about 40% 

attenuation of the signal in the CANCO experiment (see Figure 3.3A). This signal attenuation 

occurs because of the overall significant reduction of coherence lifetimes for 1H, 15N, and 13C as 

evidenced from the bulk 𝑅1𝜌 measurements at a spinning rate of 14.3 kHz. R1ρ relaxation rates of 

1H, 15N, and 13C increase, respectively, from 133, 27 and 36 s-1 at 7 °C to 157, 39 and 60 s-1 at 30 

°C (see Figure 3.4).  

 

Figure 3.4 Bulk R1ρ measurements at a spinning frequency of 14.3 kHz, at 7 °C (black) and 30 

°C (gray) for (A) 1H, (B) 13C and (C) 15N.  

 

3.3.2 Conformational dynamics of ASR at 7 °C 

Our previous measurements of conformational dynamics of ASR at 7 °C included dipolar 

order parameters for 1H-15N, 13C-1H, 15N-13C’ and 15N-13Cα bonds to probe amplitudes of 

submicrosecond motions, as well as 15N R1ρ measurements at a spinning rate of 50 kHz to probe 

the time scale of slower conformational motions on the nanosecond-microsecond time scale.2 

The site-specific 𝑆𝐶𝐻
2  and 𝑆𝑁𝐻

2  order parameters varied between 0.7 and 0.9 along the protein 
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sequence, and were generally consistent with the rigid backbone (e.g., subjected to 

submicrosecond motions of small amplitudes) for both TM and loop regions. The 15N R1ρ 

relaxation rates values indicated the presence of slower motions for the extracellular BC and FG 

loops, and suggested that slow motions can also contribute to the R1ρ relaxation of the TM 

backbone.  However, the limited scope of experimental data precluded us from accurately 

quantifying the extent of slow motions, whereas the effect of fast motions was completely 

neglected. Here, we conducted additional measurements of 15N R1 relaxation rates which report 

on the motions occurring on the fast picosecond to nanosecond time scale, and combine the order 

parameters, R1 and R1ρ rates to model the motions.  

The general trends in relaxation discussed below can be qualitatively rationalized in a 

framework of the Simple Model Free (SMF) model. We use the theoretical description for R1 and 

R1ρ derived by Kurbanov et al.,77 in which an 15N spin relaxes due to its chemical shift 

anisotropy, and due to the through-space coupling to a single proton 1H under magic angle 

spinning conditions. These expressions for R1ρ are generally accurate for most time scales except 

when the correlation time approaches the time scale defined by the inverse of the rotor fequency. 

In the latter case, the theoretical expression below results in somewhat overestimated R1ρ values 

compared to the exact numerical simulations.16 These deviations are negligible for the timescales 

estimated for ASR.16,22 We therefore use the expressions below without any corrections:  

𝑅1 =
1

𝑇1
= 𝑅1

𝐶𝑆𝐴 + 𝑅1
𝑁𝐻         (3.1) 

𝑅1𝜌 =
1

𝑇1𝜌
=
1

2
𝑅1 + 𝑅1𝜌

𝐶𝑆𝐴 + 𝑅1𝜌
𝑁𝐻        (3.2) 



 

 

78 

 

Here 𝑅1
𝐶𝑆𝐴 and 𝑅1

𝑁𝐻 are contributions to the longitudinal relaxation rates resulting from the 

anisotropic chemical shift and dipolar coupling, and 𝑅1ρ
𝐶𝑆𝐴 and 𝑅1ρ

𝑁𝐻 are the CSA and dipolar 

contributions to the R1ρ relaxation. We approximate the CSA tensor as axially symmetric, and 

these contributions can be written as:  

𝑅1
𝐶𝑆𝐴 =

3

4
(𝛿𝐶𝑆𝐴𝜔𝑁)

2𝐽(𝜔𝑁)         (3.3) 

𝑅1
𝑁𝐻 =

𝛿𝑁𝐻
2

4
(𝐽(𝜔𝐻 − 𝜔𝑁) + 3𝐽(𝜔𝑁) + 6𝐽(𝜔𝐻 + 𝜔𝑁))     (3.4) 

𝑅1𝜌
𝐶𝑆𝐴 =

(𝛿𝐶𝑆𝐴𝜔𝑁)
2

4
(

1

3
𝐽(𝜔1 − 2𝜔𝑟) +

2

3
𝐽(𝜔1 − 𝜔𝑟) +

2

3
𝐽(𝜔1 + 𝜔𝑟) +

1

3
𝐽(𝜔1 + 2𝜔𝑟)

)     (3.5) 

𝑅1𝜌
𝑁𝐻 =

𝛿𝑁𝐻
2

4
(
3𝐽(𝜔𝑁) +

1

3
𝐽(𝜔1 − 2𝜔𝑟) +

2

3
𝐽(𝜔1 − 𝜔𝑟)

+
2

3
𝐽(𝜔1 + 𝜔𝑟) +

1

3
𝐽(𝜔1 + 2𝜔𝑟)

)     (3.6) 

Here, ω1 is the spinlock field amplitude expressed in rad/sec (small off-resonance effects are 

neglected), ωr /2π  is the spinning frequency, and ωH and ωN are the Larmor frequencies of 1H 

and 15N, respectively; 𝛿𝐶𝑆𝐴 is the reduced chemical shift anisotropy (-109 ppm) for backbone 

amide 15N,74 and 𝛿𝑁𝐻 is the dipolar coupling constant of 11.478 kHz for the 15N-1H spin pair 

corresponding to the N-H bond length of 1.02 Å. Systematic errors related to small site-specific 

variation in 15N chemical shift anisotropy were found to result in small R1/R1ρ variations,78 which 

are well within the confidence intervals.  
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In the SMF approach, the motions are modeled as isotropic using a single time scale and 

order parameter. Assuming exponential autocorrelation function, the spectral density can be 

written as:79,80 

𝐽(𝜔) =
2

5
(1 − 𝑆𝑁𝐻

2 )
𝜏𝑐,𝑒𝑓𝑓

1+𝜔2𝜏𝑐,𝑒𝑓𝑓
2 ,       (3.7) 

where 𝑆𝑁𝐻
2  is the order parameter that was determined experimentally using DIPSHIFT 

spectroscopy,2 and  𝜏𝑐,𝑒𝑓𝑓 is the effective correlation time. R1 and R1ρ relaxation rates calculated 

according to Eq. 3.1-3.7 as a function of motional correlation time and field strength for a typical 

𝑆𝑁𝐻
2  of 0.9 are shown in Figure 3.5A. Similar expression (with the dipolar order parameter 

replaced by the CSA order parameter) was used to calculate curves in Figure 3.5B for 

deprotonated moieties.  
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Figure 3.5 15N R1 and R1ρ theoretical curves calculated using Simple Model Free approach (Eqs. 

3.1-3.7) as a function of correlation time at two fields corresponding to 1H Larmor frequencies of 

800 MHz and 600 MHz for a typical 𝑺𝑵𝑯
𝟐  order parameter of 0.9. (A) R1 and R1ρ are calculated 

for 15N-1H moieties and taking into account 15N chemical shift anisotropy. In this case, dipolar 

interaction is the dominant relaxation mechanism. (B) R1 and R1ρ are calculated for deprotonated 

moieties (e.g., prolines) taking into account only 15N chemical shift anisotropy, using Eq. 3.7 for 

the spectral density function, and assuming the same order parameter 𝑺𝑪𝑺𝑨
𝟐  of 0.9. Note that the 

field dependent region of the R1 is shifted towards the faster time scales.  

 

Firstly, we anticipate that significant nanosecond motions will result in the field-

dependent dipolar-driven longitudinal relaxation for non-proline residues, with faster relaxation 
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at a lower field. No such dependence is expected to result from fast picosecond motions (Figure 

3.5A). Secondly, we anticipate different trend for prolines, whose 15N amide relaxation is 

primarily governed by the CSA effects. In this case, strong field dependence is anticipated from 

motions on a time scale shorter than ~10 ns, whereas motions in the slower regime (>10 ns) 

would be field-independent (Figure 3.5B). 

It was pointed out before that proton driven spin diffusion can lead to averaging of the 

15N longitudinal nuclear relaxation rates at slow to moderate spinning rates. To minimize these 

effects the 15N R1 measurements were carried out at a spinning rate of 19 kHz.44 R1’s were 

measured at two field strengths of 600 MHz and 800 MHz in two samples of 1,3-ASR and 2-

ASR. 101 and 108 cross peaks could be cumulatively resolved in the 2D spectra at 600 MHz and 

800 MHz field strengths, respectively. Typical relaxation trajectories are shown in Figure 3.6A-

C. 

In Figure 3.7A,B we show site-specific 15N R1 values of ASR measured at two different 

fields corresponding to 1H Larmor frequencies of 600 MHz and 800 MHz, and R1ρ values which 

were measured at 800 MHz spectrometer. These values are also summarized in Table A1.1. The 

extracted R1 values share common features at both fields. Firstly, they vary significantly between 

the transmembrane and exposed regions. Typical average values calculated for each of the seven 

helices are in the range of 0.010-0.015 s-1 indicating a rigid TM protein backbone with limited 

motions. These values are considerably smaller than those reported for the rigid backbone of 

microcrystalline GB1 under similar conditions,36 suggesting that motions in the TM domain of 

ASR are more restricted, which could be due to the different environment of helices in tightly 

coupled ASR trimers which are packed into a hexagonal lattice.3   
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Secondly, the R1 values in the central portions of TM helices are similar at 600 MHz and 

at 800 MHz, indicating that the rates are dominated by fast motions in the picosecond range. In 

this case picosecond motions account for the majority of the measured dipolar order parameters, 

and any nanosecond motions if present, are likely characterized by small amplitudes. In contrast, 

the R1 values in the loop regions show some field dependence, and are generally higher at the 

lower 600 MHz field strength, suggesting, according to the SMF predictions (Figure 3.5A), that 

slower nanosecond motions contribute significantly to the longitudinal relaxation in loops.  
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Figure 3.6 15N R1 and R1ρ relaxation measurements and the corresponding best fits at 600 MHz 

and 800 MHz and at two temperatures of 7 °C and 30 °C. Solid circles represent experimental 

point whereas solid lines are best fit simulations. (A) R1 relaxation trajectories for D75 in helix 

C, and for E62 and A64 of the BC loop. (B) R1 trajectories for S158 in the EF loop and A71 in 

helix C as a function of the magnetic field. (C) R1 relaxation trajectories for residues V112 in 

helix C and E62 in the BC loop measured at two temperatures. (D) R1ρ relaxation trajectories for 

residues A13 in helix A and A64 in the BC loop measured at two temperatures. 

Thirdly, R1 rates are consistently higher towards the water exposed ends of helices and in 

the loop regions, varying at 600 MHz from 0.019 s-1 for the cytoplasmic CD loop (residues 91-
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100), to 0.030 s-1 for the short extracellular DE loop (residues 121-124), to 0.039 s-1 for the 

extracellular beta-hairpin in the BC loop (residues 56-70) (Table A1.2). This enhancement of 

relaxation rates shows good correlation with the hydrogen/deuterium (H/D) exchange data which 

were presented by us previously,3,49 and are shown in Figure 3.7C. The reduction of cross peak 

intensities in the H/D exchange experiments occurs because amide protons are replaced with 

deuterons, and is primarily observed for the loop regions and exposed flanks of helices. This 

enhanced exchangeability is associated with solvent accessibility (e.g., exposure of the loops or 

transient local structural opening of the protein core), and in addition requires the breakage of 

hydrogen bonds.5,11 The latter event is likely to be correlated with enhanced local mobility of the 

NH bonds.  

This expected increase in fast local mobility is accompanied by the increase in amplitude 

of nanosecond motions, as evident from the elevated 15N R1ρ relaxation rates  

(representative relaxation trajectories are shown in Figure 3.6D) which are sensitive to slower 

motions on the nanosecond to microsecond timescale (data available only for the BC and FG 

loops and for residues in the flanks of helices A and F, see Figure 3.7B), as well as from the 

apparent dependence of the R1 rates on the magnetic field, with generally greater rates at a lower 

field as expected for residues with contributions from slower motions (Figure 3.7A, Table 

A1.1).  
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Figure 3.7 (A) Site-specific R1 relaxation rates on 600 and 800 MHz spectrometers at 7 °C. R1 

rates of non-prolyl residues are shown on the main graph, whereas R1’s of prolines are shown 

separately as an inset. (B) Site-specific R1ρ relaxation rates determined at 7 °C, using 15N lock 

field of 12 kHz at a spinning rate of 50 kHz. Reprinted with permission from D. Good, S. Wang, 

M. E. Ward, J. Struppe, L.S. Brown, J.R. Lewandowski, V. Ladizhansky, J. Am. Chem. Soc., 

136, 2833. Copyright 2014, American Chemical Society (C). A comparison of cross peak 

intensities in the 2D NCA and 3D NCACX experiments on ASR incubated in H2O (grey) and 

D2O (red) buffers. NCA and NCACX experiments were recorded with short HN CP excitation of 

300 μs to ensure that the cross peaks primarily originate from amide protons. Additional details 

can be found in references 3 and 49.  
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Interestingly, a different trend in the R1 field dependence is observed for prolines (Figure 

3.7A, inset) whose 15N relaxation is dominated by the 15N CSA. Elevated R1’s with pronounced 

field dependence (greater values at the higher field of 800 MHz) are observed for P29, P33, P149 

in the loop regions indicating the presence of fast motions (τc < 10 ns). Similar trend was 

previously observed for the R1 relaxation rates of the carbonyl atoms in GB1.36 R1 of P187 in the 

FG loop is high and field-independent, suggesting that the slow motion is much more 

pronounced for this loop. Finally, R1 rates of the TM prolines P44, P81 and P180 are very small, 

which is consistent with motions of small amplitudes, whereas the field dependence cannot be 

stated because of the large experimental uncertainty.  

In summary, qualitative analysis of R1 and R1ρ relaxation rates provides evidence of both 

slow nanosecond and fast picosecond timescale motions: elevated R1 values and the field 

dependence of the proline R1’s in the loop regions suggest the presence of fast picosecond 

motions, whereas elevated R1ρ rates and the field dependence of R1 relaxation rates of non-

proline residues in the loops suggest contributions of slower nanosecond motions. In contrast, 

lower relaxation R1 and R1ρ rates and lack of field dependence for both proline and non-proline 

residues in the TM helices indicate that the amplitudes of slow nanosecond motions are small in 

TM regions.  

3.3.3 Dynamics at 30 °C. 

To gain further insights into ASR dynamics and solidify our preliminary conclusions 

regarding the presence of the nanosecond motions, we now proceed to the discussion of 

temperature dependence of relaxation rates. In Figure 3.6C,D we show representative R1 and R1ρ 
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relaxation trajectories at 7 °C and 30 °C, and in Figure 3.9 and Figure A1.4 we compare site-

specific R1 and R1ρ rates at the two temperatures. Representative NMR spectra are shown in 

Figure A1.3.  

At higher temperatures relaxation rates can be affected by both changes in the order 

parameters, as well as by the changes in the timescale of motions.  We first investigated the 

change in the order parameters using TMREV dipolar recoupling. Because of the power 

limitations of the 3.2 mm Bruker Efree probe, TMREV measurements had to be carried out on a 

TL2 solenoid probe. Our attempts to record site-specific TMREV data at 30 °C using NCA/NCO 

spectroscopies were unsuccessful due to significantly reduced life-time of samples at the 

elevated temperature and under high power RF irradiation (measurements on two ASR samples 

were attempted, and both resulted in sample degradation).  
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Figure 3.8. TMREV-4 measurements of the 1H-15N bulk order parameter in the 1,3-ASR sample 

at 7 °C and 30 °C.  (A) 1D NCA spectrum with some amino acid type-specific assignments 

indicated in the figure. (B) Representative TMREV 1H-15N dipolar dephasing from the bulk peak 

in the 13Cα detected spectrum at 7 °C and 30 °C. (C) Nitrogen spectrum with amino acid 

assignments. (D) Representative nitrogen-detected TMREV 1H-15N dipolar dephasing curves of 

the Thr/Ser/Gly peak at 7 °C and 30 °C.  

 

To evaluate the general trend of the order parameter changes as a function of 

temperature, we used 1D 15N detected and 13Cα-detected (e.g., TMREV dephasing followed by 

15N/13Cα   polarization transfer) 15N-1H dipolar recoupling TMREV measurements at 7 °C and at 

30 °C. We observed similar TMREV dephasing for the bulk signals at 7 °C and 30 °C (Figure 

3.8, Table 3.2), which suggests only small changes in motional amplitudes.  
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Table 3.2. Order parameters measured from TMREV experiments at 7 °C and 30 °C 

Sample  Peak labeling 𝑆𝑁𝐻
2  at 7 °C 𝑆𝑁𝐻

2  at 30 °C 

1,3-ASR  

13C-detected 

(Fig. 3.8C) 

Bulk no prolines 0.843±0.007 0.788±0.009 

Thr 0.830±0.040 0.890±0.060 

 
15N-detected 

(Fig. 3.8A) 

Thr/Ser/Gly 0.823±0.021 0.779±0.025 

 

N-Ac-

Valine 

   

0.883±0.015 

 

0.869±0.019 

 

Briefly, to probe the amplitudes of motions, we performed the bulk order parameter 

measurements using 15N- and 13C-detected DIPSHIFT experiments with TMREV-4 recoupling 

(Figure 3.1A1, A2). 15N and 1D NCA spectra are shown in Figure 3.8A, C, and representative 

dipolar dephasing curves are in Figure 3.8B, D. The observed small changes in the extracted 

dipolar order parameters are comparable to the small change in the order parameter of 15N-

labeled crystalline sample of N-Ac-Valine (Table 3.2). Thus, small differences in the dipolar 

coupling at 7 °C and 30 °C are representative of the systematic effects from the equipment rather 

than from changes in the amplitudes of motions in ASR. 

  Although similar bulk TMREV behavior at 7 °C and 30 °C cannot serve as hard 

evidence that the site-specific amplitudes of motions do not change as a function of temperature, 

it does suggest that the main effect of temperature on the motions is through changes in the 

timescale of motions as expected from the Arrhenius relation: 

𝜏𝑐(303𝐾) = 𝜏𝑐(280𝐾) ∙ exp (
𝐸𝑎

𝑅
(
1

303
−

1

280
)) = 𝜏𝑐(280𝐾) ∙ exp (

−0.00027𝐸𝑎

𝑅
).   (3.8) 
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Here, 𝜏𝑐(303𝐾) and 𝜏𝑐(280𝐾) are the correlation times at 30 °C (303 K) and 7 °C (280 K), 

respectively, Ea is the activation energy, and R is the universal gas constant. According to Eq. 

3.8, we thus expect that correlation times would become shorter at higher temperatures. Whereas 

the reduction of both the nanosecond and picosecond correlation times would result in a decrease 

of R1ρ rates (Figure 3.5), the behavior of R1 is expected to be dependent on the motional regime: 

if picosecond time scale motion dominates the R1 relaxation pathway, a shorter correlation time 

would result in a decrease of R1. To the contrary, for residues with relaxation dominated by 

slower nanosecond motions with correlation times beyond the T1 minimum (e.g., correlation 

times on the order of 10 ns or longer in Figure 3.5A), shortening of the correlation time would 

cause an increase of R1.  
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Figure 3.9 Backbone 15N R1 (A) and R1ρ (B) relaxation rates measured on a 800 MHz 

spectrometer, and at 7 °C (red squares) and 30 °C (black circles). R1 relaxation rates for prolines 

are shown in the inset of panel A. 

 

We observe a small decrease of R1 rates at higher temperature in the middle portions of 

TM helices (e.g., for helices C, D and F) (Figure 3.9 and Figure A1.4). In contrast, R1 rates 

increase significantly with temperature in the cytoplasmic ends of helices A, B, C, D and F, and 

in most interhelical loops, suggesting an increased contribution from slower nanosecond 

motions. This is further supported by the observed decrease of R1ρ rates, especially pronounced 

for the BC and FG loops (Figure 3.9 and Figure A1.4).  The short CD loop (see Table A1.3), is 

the only exception from this trend, and this may be due to it being more sterically constrained.  
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There are a small number of residues in both the TM helical regions and in the 

interhelical loop regions which do not follow these general trends.  The most likely reasons for 

this to occur are related to either a large uncertainty in the experimental data or the presence of 

additional slower (e.g., microsecond) time scale motions, which are not present at 7 ºC, but get 

activated at the higher temperature. For example, such activation processes may be related to 

changes in the state of lipids, since the DMPC lipid phase transition temperature is 24 ºC. 

 

3.3.4 Modeling of relaxation rates using Simple Model Free approach. 

For SMF analysis we only consider residues for which at least five out of the six 

measurements summarized in Table 3.1 are available (41 residues only, primarily due to the 

signal-to-noise limitations of the 13C-detection in a small 1.3 mm rotor81).  We assume that the 

order parameters 𝑆𝑒𝑓𝑓
2  remain the same at 7 °C and 30 °C, and that the correlation times at 7 °C 

and 30°C are related through the Arrhenius relation of Eq. 3.8.  By minimizing the χ2 (Eq. A1.1, 

Appendix 1) we simultaneously fit the order parameter 𝑆𝑒𝑓𝑓
2 , correlation time τc,eff and activation 

energy Ea for each residue.   

In evaluating whether the SMF model can satisfactorily explain the observed data, we 

used the following two criteria: first, back-calculated best fit values should agree with the 

experimentally measured values (i.e. the reduced χ2 value corresponding to the root mean 

squared difference between back-calculated and experimental values should be close to or less 

than 1); second, the predicted time scale should be consistent within a given secondary structure 
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element (i.e. TM helices or BC and FG loops), as inconsistent results amongst neighboring 

residues that experience a similar physical environment are likely an indication of multiple 

motional timescales which cannot be accounted for accurately by the SMF. 

In Figure 3.10A-C and Figure 3.11 we show experimental and back-calculated relaxation rates 

and order parameters, whereas the dominant time scales extracted from Monte-Carlo simulations 

are shown in Figure 3.10D. Details of the Monte Carlo fitting procedure are given in the 

Appendix 1 with typical representative histograms of the Monte-Carlo fits shown in Figure 

A1.5.  Overall, the back calculated relaxation rates and the order parameters do not precisely 

reproduce the observed experimental data for residues located in the transmembrane regions of 

the protein with reduced χ2 values (Table A1.4, Figure 3.12) for most residues being greater 

than 5. The large values of the reduced χ2 reflect the fact that the experimental data are not well 

described by the SMF with a single motion, and that the backbone amides undergo motions on 

two or more timescales; the SMF fit returns the timescale which most significantly contributes to 

the experimental data. 
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Figure 3.10 Simple Model Free fit results showing back calculated 15N R1, R1ρ and 𝑺𝑵𝑯
𝟐  order 

parameter vs. experimentally measured R1 at 800 MHz (A), R1ρ at 800 MHz (B), and the 𝑺𝑵𝑯
𝟐  

order parameters (C) at 7 °C.  Best fit correlation times (D) are shown with uncertainties 

determined from Monte Carlo fitting analysis. For residues with two possible solutions on two 

distinct timescales, the best fit solution is shown as black circles, and the second best fit result is 

shown in grey. The second best fit solution is only shown if its population is greater than 10% of 

the total number of Monte Carlo fits performed. 
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Figure 3.11 Comparison of experimental and SMF best fit (A) R1 and (B) R1ρ relaxation rates at 

30 °C. The best fit solution is shown as black circles, and the second best fit result is shown in 

grey.  

 

The best fit timescales for the TM regions are in the 10 to 100 picosecond regime for all 

but seven intrahelical residues, E36, I56, A91, I146, N148, G178 and G212. Four of them (E36, 

A91, I146, N148) are located on the cytoplasmic sides of helices B, C, E.  The best fit timescales 

for these residues are in the 10 to 100 nanosecond regime, which is in agreement with the 

observed field- and temperature dependences of the R1 and R1ρ relaxation rates discussed above 

(Figure 3.7 and Figure 3.9). I56 is on the extracellular edge of helix B near the structured BC 

loop region, and may be affected by the slower motion of that loop. Residues G178 and G212 are 

near the retinal binding pocket in the center of helices F and G, respectively. Their best fit 
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timescales are in the 10 to 100 nanosecond range, and may reflect the presence of complicated 

motional processes occurring on multiple timescales. 

 

Figure 3.12 Reduced χ2
 for the SMF fit as a function of residue number. 

Relaxation rates and order parameters for most residues in the BC loop (I56-H69) are 

best fit with the 10 to 100 nanosecond timescale motions, with the exception of residues E62 and 

A63 which are best fit by motions in the 10 to 100 picoseconds regime (Tables A1.4-A1.5, 

Figure 3.10). The FG loop (I185-N194) is the only region where the SMF fit gives reasonable 

results with reduced χ2 in the range of 0.3 to 2.8 (Table A1.5, Figure 3.12) with the dominant 

timescale in the 10 to 100 nanosecond regime, which is consistent with the previously discussed 

R1 and R1ρ field- and temperature dependent trends (Figure 3.7, Figure 3.9; Figure A1.5 for 

I185 and G189 representative Monte Carlo histograms).   

3.3.5 Modeling of relaxation rates using a local-collective Extended Model Free approach. 

 High reduced χ2 values and inconsistent time scales obtained using SMF fit for residues 

located within the same structurally defined elements suggest that one needs to consider more 

than one motional degree of freedom in order to correctly interpret experimental data. 
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Consequently, we resorted to a version of Extended Model Free (EMF) approach,82,83 in which 

the spectral density function J(ω) is modelled assuming the presence of fast and slow motions. In 

contrast to the typical implementation where both fast and slow motions are considered to be 

local,41 we assume the fast component to be local and the slow component to correspond to 

collective motions extending over an entire secondary structure element:  

𝐽(𝜔) =
2

5
(1 − 𝑆𝑓,𝑙𝑜𝑐

2 )
𝜏𝑓,𝑙𝑜𝑐

1+𝜔2𝜏𝑓,𝑙𝑜𝑐
2 +

2

5
𝑆𝑓,𝑙𝑜𝑐
2 (1 − 𝑆𝑠,𝑐𝑜𝑙

2 )
𝜏𝑠,𝑐𝑜𝑙

1+𝜔2𝜏𝑠,𝑐𝑜𝑙
2 .    (3.9) 

Each motion is characterized by its own order parameter and the time scale: τs,col and τf,loc  

correlation times describe slow and fast time scales, respectively, whereas 𝑆𝑠,𝑐𝑜𝑙
2  and 𝑆𝑓,𝑙𝑜𝑐

2  are 

order parameters describing the amplitudes of slow and fast motions, respectively. The 𝑆𝑠,𝑐𝑜𝑙
2  and 

𝑆𝑓,𝑙𝑜𝑐
2  order parameters are related to the experimentally determined effective order parameter as 

𝑆𝑁𝐻
2 = 𝑆𝑠,𝑐𝑜𝑙

2 𝑆𝑓,𝑙𝑜𝑐
2 .  

Among the considered secondary structure elements we include seven helices which are 

stabilized by intrahelical hydrogen bonds, as well as the BC and FG loops (Table A1.7). The BC 

loop is partially structured and contains an antiparallel beta-hairpin formed by two short beta 

strands involving residues V61-E62-A63 and Q66-I67-A68.3,49 We expect that the slower time 

scale would correspond to a collective motion of this loop (discussed in the following). The FG 

loop, although not as well structurally defined as the BC loop,  contains some beta structure 

acording to the CSI analysis, whereas the presence of a few non-exchangeble amides of G186, 

G189, G191, W192, I193 suggests strong stabilizing hydrogen bonds within the loop (Figure 

3.7C).3,49   
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Elevated 15N R1ρ rates for residues in the BC and FG loops provide a direct evidence for 

slow nanosecond to microsecond motions. Motions of other loops appear to also have a slow 

nanosecond component, as evident from the dependence of R1 rates on the magnetic field 

strength (Figure 3.7), but they are less correlated between neighboring residues because of the 

lack of defined secondary structure. Thus, we do not apply the collective motion approximation 

to these loops, and exclude them from the EMF analysis. 

Within each of the nine considered elements each residue was assigned the same slow 

time scale, order parameter and activation energy characterizing the common collective motion 

of the element, whereas the time scale, order parameter and activation energy characterizing the 

fast motions was kept residue-specific. The use of a common order parameter for a fragment 

implies that this fragment undergoes isotropic motion. In the case of a TM helix, this isotropic 

motion can be pictured as a combination of rotations about the helical axis and a  random 

wobbling motion of the enitre helix. We note that because of the steric interhelical restraints 

anisotropic collecitve motions appear to be more likely.  Such a possibility is explicitely taken 

into account in the 3D Gaussian Axian Fluctuation46 simulation discussed below. 

 In our EMF fit we only consider data from residues for which all six experimentally 

measured parameters defined in Table 1 are available. We fit all parameters by minimizing 

reduced 𝜒2 defined in Eq. A1.6 using a proceedure detailed in the Appendix 1.   

In general this model provides a better fit of the experimental data in the TM helical 

regions with an average reduced 𝜒2 ranging from 1.7 to 6.3 (Table A1.7).  There is good 

agreement between the experimentally measured and back-calculated relaxation rates and dipolar 
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order parameters for TM helices, as shown in Figure 3.13 and Figure 3.14, thus suggesting that 

the collective motion approximation justified for the TM regions. Local fast motions occur on 

the 10-100 ps time scales for the majority of residues, have consistently lower corresponding 

order parameters (larger amplitudes) (Figure 3.13E, Tables A1.8-A1.9), and mostly higher 

activation energies (Tables A1.8-A1.9).  
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Figure 3.13 Local-collective Extended Model Free (EMF) fit results showing back calculated 
15N R1, R1ρ and order parameter vs. experimentally measured R1 at 800 MHz (A), R1ρ at 800 MHz 

(B), and 15N-1H dipolar order parameters (C).  Best fit local and collective motion correlation 

times (D) and order parameters (E) are shown with error bars determined from Monte Carlo 

fitting analysis (see Figure A1.6 for representative histograms). 
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Figure 3.14 Comparison of experimental and EMF back-calculated (A) R1 and (B) R1ρ relaxation 

rates at 30 °C. 

 

Whereas these motions make the dominant contributions to the back-calculated R1 and 

𝑆𝑁𝐻
2  values,  the slower motional components (tens to hundreds of nanoseconds) of small 

amplitudes are required to adequately explain the relaxation and order parameter data for all 

seven helices (𝑆𝑠.𝑐𝑜𝑙
2  order parameters vary from 0.984±0.007 for helix A to 0.995±0.002 for 

helix C, Tables A1.8-A1.9). These order parameters correspond to small amplitudes of collective 

motions. However, we can not rule out a possibility of large structural rearragements between a 

highly populated state and a lowly populated state, as was  shown by Zinkevich et al. 41  

While better reduced 𝜒2 of 4 is obtained for the BC loop, the collective slow motion 

approximation doesn’t provide good quality fits for two residues A64 and G65 (Figure 3.13B), 

which represent the unstructured β-hairpin turn in the BC loop, suggesting that the rigid 

approximation is not entirely valid, and either additional motional degrees of freedom are 

present, or that the motion is anisotropic. Similarly, while an overall better fit is obtained for the 
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FG loop (reduced 𝜒2 of 3.3, Table A1.7) the R1ρ relaxation rate for residue I185 is not 

reproduced by our model (Figure 3.13B). 

 

3.3.6 Modeling of relaxation rates using a local-collective Model Free-3D GAF approach. 

As shown above, the modified EMF formalism with the slow motions modelled as 

isotropic collective motions of ordered domains, provides a better description of the data 

compared to the SMF formalism. In this last section, we consider whether an inclusion of 

anisotropy of slow motions is necessary to adequately model the data.48,84 

To include the effects of anisotropy of the slow collective motions we make a simple 

change to the modified EMF. We keep the isotropic order parameter for the fast motions, 𝑆𝑓,𝑙𝑜𝑐
2 , 

but replace the isotropic order parameter 𝑆𝑠,𝑐𝑜𝑙
2  with a 3D Gaussian Axial Fluctuations variant 

𝑆𝑠,𝜇𝜈
2 , which parametrizes the slow collective motion as Gaussian fluctuations against three 

orthogonal axes ,  and : 

𝑆𝑠,𝜇𝜈
2

=
4𝜋

5
∑ (−𝑖)𝑘−𝑘′𝑒

−
𝜎𝛼
2

𝑙2
−
𝜎𝛽
2(𝑘2+𝑘′2)

2
−
𝜎𝛾
2(𝑚2+𝑚′2)

2

2

𝑙,𝑘,𝑘′,𝑚,𝑚′

𝑑𝑘𝑙
(2)
(
𝜋

2
) 𝑑

𝑘′𝑙

(2)
(
𝜋

2
) 𝑑𝑚𝑘

(2)
(
𝜋

2
) 𝑑

𝑚′𝑘′
(2)

(
𝜋

2
) 𝑌2𝑚(𝑒𝜇)𝑌2𝑚′

∗ (𝑒𝜈). 

            (3.10) 

Here, 𝑌2𝑚 are the second spherical harmonics, 𝑒𝜇 = (𝜃𝜇, 𝜑𝜇) and 𝑒𝜈 = (𝜃𝜈 , 𝜑𝜈)  are the spherical 

coordinates of interactions 𝜇 and 𝜈 in the 3D GAF motion reference frame rigidly attached to 
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molecular fragment (for autorelaxation 𝜇= 𝜈, and in our case these are the coordinates of the NH 

vector), 𝑑𝑘𝑙
(2)
(
𝜋

2
) are the reduced Wigner matrix elements, and 𝜎𝛼, 𝜎𝛽 and 𝜎𝛾 are amplitudes of 

fluctuations/rotations (expressed in radians) against the three respective axes of motion.  

For the analysis we consider the same secondary structure fragments as in the local-

collective EMF treatment. Since the orientation of the 3D GAF motion reference frame is not 

known a priori, we express the initial coordinates of NH vectors in the molecular frame and treat 

the two angles defining the orientation of the motional frame as fit parameters. Other than the 

modifications to the form of the spectral density the fitting procedure remains the same as for the 

local-collective EMF. We use the same data set as we did for the local-collective EMF, which 

gives enough data points to perform local-collective Model Free-3D GAF (MF-3D GAF) fit for 

helices B, C, D and F and for the BC loop.  
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Figure 3.15  Amplitudes and time scales of anisotropic slow collective motions  obtained from 

local-collective Model Free-3D GAF (MF-3DGAF) analysis of 15N R1, R1ρ and NH order 

parameters, as well as NCO order parameters published previously.2  Approximate rotations 

against different axes are indicated in a font of the same color. Time scales are indicated in 

yellow. Motions are illustrated for only one of the three monomers with the motions in the other 

monomers being related by C3 symmetry. The origins of the frames of reference for the motions 

are arbitrary. 
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As expected for a model containing more fit parameters the 𝜒2 is generally lower for the 

MF-3D GAF. In order to establish whether the improvement of the fit is statistically significant, 

we utilize Akaike’s Information Criterion (AIC), which can be used for comparison of the non-

nested models. In addition, since AIC is valid for infinite samples size, we also calculate 

Bayesian Information Criterion (BIC) and AIC with correction for the finite sample sizes (AICc), 

which contain progressively larger penatly for the finite sample size (See Appendix 1, Eqs. 

A1.3-A1.5). 

Overall, based on AIC including anisotropy of slow motion  results in statistically 

significant improvement of the fit for helices B and D, and for the BC loop. Based on BIC, 

which contains a larger penalty for the finite sample size, lower 2 from anisotropic model is 

statistically significant for helix D and for the BC loop.  For helices C and F the improvement in 

fit is not statistically significant compared to isotropic model of motion. Based on AICc the 

local-collective MF-3DGAF fit is not statistically significant for any of the secondary structure 

elements, which is not really surprising considering that AICc have the largest penalty for finite 

sample size and the number of available data points is rather low. 

In order to fit other secondary structure elements we have also included previously 

published NCO dipolar order parameters2 as restraints. With this additional data the AIC 

criterion suggests that the improvement from including anisotropy of slow motion is statistically 

significant for helix A but not for the FG loop. The slow anisotropic motions obtained as a result 

of fitting the data to MF-3DGAF are summarized in Figure 3.15 for one of the monomers.  Note 
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that the motions are the same for all the monomers and the motional axes in different monomers 

are related by the C3 symmetry.  

As expected, the amplitudes of the slow anisotropic motions are smaller compared to our 

previously published analysis2 which explicitly neglected contribution from the fast motions. On 

the other hand, the directions of the anisotropic collective motions from the MF-3D GAF in the 

current analysis are similar to the ones from 3D GAF analysis in the previous study. The only  

exception is helix D where the overall motion is detected as a rotation around an axis 

appromixately perpendicular to the long axis of helix. Since the amide vectors are approximately 

aligned with the long axis of helix, the direction of the axis of rotation can not be determined 

precisely without additional data such as, for example,  13C relaxation rates.15  

 

3.4 Conclusions 

In summary, we used solid-state NMR relaxation and dipolar coupling measurements to 

characterize internal dynamics of a seven-helical membrane protein Anabaena Sensory 

Rhodopsin. We showed that at least two motional processes occurring on the picosecond and 

nanosecond time scales are required in order to correctly interpret the field- and temperature-

dependent relaxation behavior. The relative contributions of these motional processes to the 

overall dynamics vary between the buried TM and solvent exposed regions of the receptor.  

The inclusion of longitudinal relaxation rates into data analysis allowed estimating the 

fast local dynamics which contribute significantly to nuclear spin relaxation within TM helices 
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(local order parameters 𝑆𝑓,𝑙𝑜𝑐
2  range between 0.89 and 0.99).  The refined time scales and order 

parameters for the slower nanosecond collective motions appear to be slower and more 

restrticted  than what had been estimated by us earlier2 ( refined collective motion order 

parameter 𝑆𝑠,𝑐𝑜𝑙
2  is greater than 0.98 on a time scale of hundreds of nanoseconds). Such limited 

collective dynamics can be attributed to the tightly packed and highly constrained (2D 

crystalline) transmembrane enviroment.  

In contrast, nanosecond motions (~100 ns) of two extracellular BC and FG loops are 

much less restricted (𝑆𝑠,𝑐𝑜𝑙
2   of ~0.95 and 0.94, respectively), with their amplitudes approaching 

the amplitudes of fast local motions (𝑆𝑓,𝑙𝑜𝑐
2  ranging between 0.84 and 0.97, ~10 ps timescale). 

The collective motions contribute significantly to the R1ρ rates and accordingly, the time scales 

of the slower motional components are in agreement with our previous estimates.2 

Considering anisotropy for the collective motions of ordered elements leads to 

statistically significant improvement of fit for helices A, B, C, D and the BC loop. The extracted 

directions of motions are generally consistent with the general directions of motions for 

secondary structure elements obtained from the Normal Mode Analysis of ASR trimer (Figure 

3.15). Interestingly, the collective motion of the BC loop modulates the size of the extracellular 

opening for the “channel” in the center of the ASR trimer, and in this context, is reminiscent of a 

motion of a camera shutter. We note however, that the role of the opening in the center of the 

ASR trimer is not known, nor does it play a functional role in a structurally similar trimer formed 

by bacteriorhodopsin.  
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Although there was no sufficient R1ρ data to draw quantitative conclusions about the 

dynamics of the cytoplasmic side of ASR, qualitative analysis of the temperature dependence of 

the longitudinal R1 rates indicate that the amplitudes of slower nanosecond motions increase 

towards the cytoplasmic ends of helices and in cytoplasmic loops. ASR interacts with its soluble 

transducer (ASRT) in the dark.47,85 In the process of its function, ASR undergoes a series of 

conformational changes, including between the ASRT-bound and unbound states.85 The 

cytoplasmic interface of ASR is likely to be involved in the interaction with the soluble 

cytoplasmic transducer. An increased plasticity of the cytoplasmic sides of helices and loops may 

play role in the mechanism of structural transition between ASRT-bound and unbound states. 

Among microbial rhodopsins, bacteriorhodopsin (BR) is one of the best-characterized 

homologues of ASR. Neutron scattering studies of site-specifically deuterated BR demonstrated 

that extracellular sides of BR helices are more rigid than the rest of the protein,86 while  MD 

simulations specifically showed that the distributions of atomic coordinates on the extracellular 

side are more localized than those on the cytoplasmic side.87 This apparent plasticity of the 

cytoplasmic face of BR was proposed to facilitate a light-induced transition to the Mo 

intermediate state, which has more open conformation on the intracellular side. An increased 

plasticity of the cytoplasmic side of ASR may play similar role and be related to the transition to 

the active M-intermediate state responsible for the release of the cytoplasmic transducer upon 

photoactivation.  
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4.1 Introduction 

Proteins are dynamic entities which exist as conformational ensembles.   Interconversion 

between conformational substates (e.g, states within an ensemble) occurs either by means of 

thermal fluctuations or through functionally important motions.1,2 The substates were proposed 

to be organized in a hierarchical energy landscape, and the individual energy states (or energy 

valleys) are separated by energy barriers.3,4 The heights of energy barriers depend on intraprotein 

interactions as well as on interactions with environment. Characterizing the protein energy 

landscape remains a significant challenge due to its dependence on the local and global 

properties of the protein structure as well as on interactions with the surrounding environment. 

Despite these challenges, significant progress has been made in understanding the energy 

landscape of globular proteins.2–6 In particular, a strong coupling between solvent and protein 

dynamics has been demonstrated, leading to the idea that motions in globular proteins are slaved 

to the solvent fluctuations.4,6  

Compared to soluble proteins, intrinsic membrane proteins are embedded in a highly 

anisotropic environment of a lipid bilayer where they simultaneously interact with aqueous 

solvent through their exposed loops, and with a much more viscous hydrophobic core of the 

bilayer. Interactions with both annular and non-annular lipids have been shown to affect 

membrane protein structure, stability and function,7,8 and it is reasonable to expect that internal 

dynamics would be affected, too. While studies of membrane protein dynamics are relatively 

scarce, some general phenomena in the dynamics of membrane proteins have been identified. 

Notably, there are large differences between local dynamics of lipid exposed TM regions, and 
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solvent exposed loop regions, as evidenced from NMR signal intensities,9–15 NMR relaxation 

rates and dipolar order parameters13,16–19 and from a neutron diffraction study and molecular 

dynamics simulations.20 Despite the differences in motions observed for these regions, some 

evidence suggests that membrane protein dynamics are only weakly linked to the dynamics of 

the lipids11,18 and of the solvent.21  

In a recent seminal study, Lewandowski et al. have demonstrated that a comprehensive 

hierarchy of protein motions can be derived from the temperature dependence of bulk relaxation 

rates.5 Although these rates represent average values over a large number of atoms, the 

parameters of characteristic motions shared by many atoms with common time scale and 

activation energies, or collective motions affecting large groups of atoms can still be estimated 

from such measurements. Here, we extend these ideas to map the dynamic landscape in a 

membrane-embedded protein green proteorhodopsin (GPR), a seven transmembrane alpha-

helical (7TM) retinal-binding protein that functions as a light-driven proton pump.22 GPR has 

been structurally characterized  by NMR. Magic angle spinning (MAS) SSNMR techniques have 

been used to determine the extent of helical boundaries, to identify ordered structural motifs in 

two of the loops,9,23 and to discover a polar water-accessible cavity inside the TM domain of the 

protein.24 These structural motifs are generally preserved in the detergent-solubilized state of 

GPR.25 Green PR forms oligomers of various stoichiometries,26 with general preference towards 

hexamers27 and pentamers,28,29 and the latter pentameric arrangement was also determined by x-

ray crystallography for the homologous blue PR.30,31  

In this work, we measured six solid-state NMR relaxation rates (1H R1, 
13C R1, R2, R1ρ, 

15N R1, R2) and 13C-1H and 15N-1H bulk order parameters over a broad range of temperatures 
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from 104 K to 289 K on two samples of GPR reconstituted in lipid bilayers with different gel-to-

fluid transition temperatures. We employed model-free analysis32,33 and were able to characterize 

both the backbone and side chain motions in loops and TM domains. Fast low-activation energy 

fluctuations are found in both regions, and they persist over the entire temperature range; higher 

energy collective backbone motions are activated near 220 K, and result in the nanosecond time 

scale dynamics at 280 K. Distinct collective motions of larger molecular fragments occur on the 

microsecond time scale at 280 K. Methyl rotations begin to contribute to side chain dynamics 

and dominate carbon relaxation processes at ~170 K, and three-site hopping motions of the 

solvent exposed Lys NH3
+ groups are activated around 220 K.    

 

4.2 Materials and Methods 

4.2.1 Materials  

Common chemicals of a reagent grade for protein expression, isolation and reconstitution 

were purchased from either Fisher Scientific (Unionville, Ontario, Canada) or Sigma-Aldrich 

(Oakville, Ontario, Canada). 15N-labeled ammonium chloride was purchased from Cambridge 

Isotope Laboratories (Andover, MA, USA). 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC), and 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) 

were purchased from Avanti Polar Lipids (Alabaster, AL) as chloroform solutions (>99% purity) 
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and used without further purification. The Ni2+-NTA (nitrilotriacetic acid) agarose resin was 

purchased from Qiagen (Mississauga, Ontario, Canada).  

4.2.2 Sample Preparation 

Uniformly 13C,15N-labeled His-tagged GPR (UCN GPR) was produced according to the 

procedures described previously.9  Briefly, GPR with C-terminal His6 tag transformed into 

BL21-Codonplus E. coli was grown on M9 minimal medium at 30 ºC, using 1g of 15N-labeled 

ammonium chloride and 4 g of uniformly 13C-labeled glucose as the sole nitrogen and carbon 

sources, respectively. When culture reached a target cell density of A600=0.4 OD, the protein 

expression was induced by an addition of IPTG to a final concentration of 1 mM; retinal was 

added to a final concentration of 7.5 μM. Cells were incubated for 21 hours after induction, 

collected by centrifugation, and treated with lysozyme (12 mg/L of culture) and DNAse I (600 

units per liter of culture) before being broken by sonication. Membranes were solubilized using 

1% Triton X-100 overnight at 4 °C, and insoluble debris were removed by ultracentrifugation 

(150,000 x g). The supernatant was mixed with Ni2+-NTA resin for 18 h allowing GPR to bind to 

the resin. For GPR sample reconstituted in DMPC:DMPA, purification was carried out using 

batch procedure described in the Qiagen Ni2+-NTA resin manual. For GPR sample reconstituted 

in DOPE:DOPG lipids, purification was carried out using a reusable chromatography column. 

First five washes were done with a buffer containing Triton X-100 as the solubilizing detergent; 

they were followed by three washes with the buffer containing n-dodecyl β-D-maltoside (DDM) 

as the detergent. Approximately 15 mg of UCN GPR was purified from one litre of culture, as 

determined from the absorbance of the opsin-bound retinal, using an extinction coefficient of 

44,000 M−1cm−1.34  Purified protein was buffer-exchanged using an Amicon Ultra-15 10K 
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centrifugal filter (Millipore, Massachusetts, MA, USA) into pH 8.0 buffer (5 mM Tris, 10 mM 

NaCl, 0.05 v% DDM), and concentrated to ~1 mg/ml (36 µM). 

Two samples with different lipid composition were prepared for NMR experiments. UCN 

GPR was reconstituted in DMPC:DMPA (w/w 9:1; sample referred to as PR-DMPC in the 

following) and in DOPE:DOPG lipids (w:w 7:3, referred to as PR-DOPE). DMPC:DMPA lipid 

composition has a high liquid-gel transition temperature and it was used extensively in previous 

SSNMR studies;9,24,27,29,35  the DOPE:DOPG mixture was chosen because of the lower transition 

temperature, and because GPR was found to be stable in this mixture.36 Liposomes were 

prepared by mixing DMPC and DMPA at a weight ratio of 9:1, or DOPE and DOPG at a weight 

ratio of 7:3. Solubilized UCN GPR was mixed with these liposomes at a protein:lipid molar ratio 

of 1:80, and incubated for 6 hours at 4 °C. Detergent was removed by adding Bio-Beads SM 

(Bio-Rad Laboratories). Protein-to-lipid ratio of ca. 1:80 in proteoliposomes was confirmed by 

FTIR spectroscopy. GPR functionality was confirmed by visible spectroscopy. Proteoliposomes 

were ultracentrifuged at 1,000,000×g to remove excess of water, and packed in 3.2 mm Bruker 

NMR rotors. From the analysis of relative intensities of water and lipid NMR signals, the 

GPR:lipid:water molar ratio was estimated to be ~1:80:1600 in the PR-DMPC sample, and 

~1:80:3200 in the PR-DOPE sample. These estimates are consistent with the expected level of 

hydration of the DMPC bilayer (10-23 water molecules per one DMPC molecule),37,38 and 

slightly higher than the estimates for the DOPE (10-20 water molecules per one DOPE lipid). 

23,39,40 GPR samples did not undergo cold denaturation during NMR measurements as was 

evident from unchanging color of  the protein samples over the entire temperature range. 



 

 

120 

 

4.2.3 NMR Experiments and Data Analysis 

Temperature dependent bulk protein 1H, 15N and 13C solid-state NMR relaxation 

measurements were carried out in the range from 104 K to 289 K, using a Bruker low 

temperature MAS triple resonance (1H, 13C, and 15N) probe on a Bruker Avance III spectrometer 

operating at a proton Larmor frequency of  600.280 MHz. All measurements were performed at 

the spinning rate of 8 kHz. Temperatures below 234 K were calibrated using KBr R1
41; 

temperatures above 223 K were calibrated using neat methanol.42,43 At the two experimental 

temperatures of 223 K and 234 K the calibrations performed using KBr and methanol agreed 

within 3 K.   

A list of experimental measurements is presented in Table A2.1, and corresponding pulse 

sequences are shown in Figure A2.1. Protein 1H R1 relaxation rates were measured using a 

saturation recovery, followed by a delay and by cross-polarization to nitrogen spins (Figure 

A2.1A); 1H R1 relaxation rates of water were measured using an inversion recovery experiment 

with direct 1H detection. Carbon and nitrogen R1 relaxation rates were measured using the pulse 

sequence shown in Figure A2.1B;  13C R1ρ rates were measured using a 1D spin lock experiment 

without proton decoupling (Figure A2.1C); 13C and 15N R2 relaxation rates were measured using 

a MAS-synchronized spin echo experiment with a continuous wave decoupling applied to 

protons during the echo period (Figure A2.1D-E).  

Spectra were processed with 100 Hz exponential broadening, and signal amplitudes were 

extracted using Topspin 3.2 (Bruker Biospin). All peak amplitudes in relaxation trajectories were 

fit to a single exponential decay functions with the exception of the 15N R1 relaxation 
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measurements where double exponential decay function was used (discussed in the Results 

section and in Appendix 2, Section A2.1). The effect of random noise on the best fit R1, R2, R1ρ 

were assessed using Monte-Carlo simulations executed by an in-house C-program. Additional 

details are provided in Appendix 2 (Section A2.2). 

4.2.4 Theory 

Relaxation rates were modelled assuming that the internal dynamics are characterized by 

generalized correlation times and order parameters which are related to the rates of internal 

motions and their amplitudes, respectively. Although our measurements are not site-specific and 

can not resolve local dynamic variations, they can provide an order of magnitude estimates for 

the motional parameters, and can still characterize motions affecting a large number of atoms, 

such as local motions of common time scale and amplitude, (e.g., methyl rotations) or collective 

motions involving a large number of atoms. Longitudinal relaxation rates for 15N, 13C, and 1H 

were modelled using the following expressions:44,45   

𝑅1
𝑁 =

𝛿𝑁𝐻
2

4
(𝐽(𝜔𝐻 − 𝜔𝑁) + 3𝐽(𝜔𝑁) + 6𝐽(𝜔𝐻 + 𝜔𝑁)) +

3

4
(𝛿𝐶𝑆𝐴,𝑁𝜔𝑁)

2
𝐽(𝜔𝑁)  (4.1) 

𝑅1
𝐶 = 𝐶𝑖𝑛𝑡,𝐶(𝐽(𝜔𝐻 − 𝜔𝐶) + 3𝐽(𝜔𝐶) + 6𝐽(𝜔𝐻 + 𝜔𝐶))     (4.2) 

𝑅1
𝐻 = 𝐶𝑖𝑛𝑡,𝐻(𝐽(𝜔𝐻) + 4𝐽(2𝜔𝐻)).         (4.3) 

𝛿𝑁𝐻 = 11.5 kHz is the 15N-1H dipolar coupling strength, and  𝛿𝐶𝑆𝐴,𝑁 = −109 𝑝𝑝𝑚 is chemical 

shift anisotropy of backbone amide 15N.46  𝐶𝑖𝑛𝑡,𝑋 in Eqs. 4.2-4.3 (X=C,H) is related to the 

effective 1H-1H or 13C-1H interaction strengths.5  Under our experimental conditions, the 13C and 
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1H R1 relaxation rates of different sites are averaged by the carbon-carbon or proton-proton 

homonuclear spin-diffusion processes to the extent that the entire carbon or proton spin baths 

relax with nearly the same rates (discussed in the Experimental Section). Thus, the 13C and 1H 

relaxation rates depend on multiple dipolar couplings. They are considered as fit parameters as 

discussed in the Results Section.  

A simplified set of equations was used to model R2 and R1 coherence lifetimes47 

(referred to as relaxation rates in the following):   

𝑅2
𝑁 ≅ 𝑅2,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝑁 +
𝛿𝑁𝐻
2

2
𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔) +

(𝛿𝐶𝑆𝐴,𝑁𝜔𝑁)
2

8
(𝐽(2𝜔𝑟) + 2𝐽(𝜔𝑟))   (4.4) 

𝑅1𝜌
𝐶𝛼 ≅ 𝑅1𝜌,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝐶𝛼 +
𝛿𝐶𝛼𝐻
2

2
𝐽(𝜔1)        (4.5) 

𝑅2
𝐶𝛼 ≅ 𝑅2,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝐶𝛼 +
𝛿𝐶𝛼𝐻
2

2
𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔) +

𝛿
𝐶′𝐶𝛼
2

4
(

2

3
𝐽(2𝜔𝑟) +

4

3
𝐽(𝜔𝑟) +

1

2
∑

1

3|𝑚|
𝐽(𝜔𝐶′ − 𝜔𝐶𝛼 +𝑚𝜔𝑟)

+2
𝑚=−2

)+

𝛿𝐶𝛽𝐶𝛼
2

4
(

2

3
𝐽(2𝜔𝑟) +

4

3
𝐽(𝜔𝑟) +

1

2
∑

1

3|𝑚|
𝐽(𝜔𝐶𝛽 − 𝜔𝐶𝛼 +𝑚𝜔𝑟)

+2
𝑚=−2

) +
(𝛿𝐶𝑆𝐴,𝐶𝛼𝜔𝐶𝛼)

2

8
(𝐽(2𝜔𝑟) + 2𝐽(𝜔𝑟))  (4.6) 

𝑅1𝜌
𝐶′ ≅ 𝑅1𝜌,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝐶′ +
𝛿𝐶′𝐻𝑒𝑓𝑓
2

2
𝐽(𝜔1) +

(𝛿𝐶𝑆𝐴,𝐶′𝜔𝐶′)
2

2
𝐽(𝜔1)     (4.7) 

𝑅2
𝐶′ ≅ 𝑅2,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝐶′ +
(𝛿𝐶𝑆𝐴,𝐶′𝜔𝐶′)

2

8
(𝐽(2𝜔𝑟) + 2𝐽(𝜔𝑟))      (4.8) 

The relevant coupling constants and CSA parameters used in Eqs. 4.1-4.8 are summarized in 

Table A2.2. 𝑅1𝜌,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡
𝑋   and 𝑅2,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝑋   (X=C,N) in Eqs. 4.4-4.8 account for the coherent 
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contributions to the relaxation rates resulting from incompletely averaged interactions, and they 

are treated as temperature independent fit parameters. Additional details of the approximation are 

given in the Supporting Information (Section A2.3). 

Eqs. 4.4-4.8 account for the dominant coherent and low-frequency contributions from 

CSA, the strongest one-bond dipolar couplings to protons, the effective dipolar coupling to 

distant protons, as well as one-bond carbon-carbon dipolar interactions. The latter couplings, 

although generally weaker, may still have non-negligible contributions to the R2 and R1 

relaxation rates at low frequencies (e.g. 𝜔𝑟) (Figure A2.4). 

The spectral density function in Eqs. 4.1-4.8 for n motional modes was approximated 

using the Model-Free formalism:32,33,48 

𝐽(𝜔) = ∑ 𝐶𝑘
𝜏𝑐,𝑘

1+𝜔2𝜏𝑐,𝑘
2

𝑛
𝑘=1          (4.9) 

Here, 𝐶𝑘 is a weight factor of the kth motional mode5 which is related to the amplitude of 

motion, and 𝜏𝑐,𝑘 represents its temperature-dependent correlation time which is modelled by the 

Arrhenius Equation: 

𝜏𝑐,𝑘(𝑇) = 𝜏𝑐,∞,𝑘 exp (
𝐸𝑎,𝑘

𝑅𝑇
) .         (4.10) 

𝐸𝑎,𝑘 is the fit activation energy of the kth motional mode, and 𝜏𝑐,∞,𝑘 is a fit motional parameter.  

The Ck factors in Eq. 4.9 depend on the amplitudes of motions which are quantified by 

order parameters. The latter, defined as ratios between the experimental dipolar couplings and 

the rigid limit, were directly probed by measuring the temperature dependent bulk 15N-1H and 
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13C-1H  couplings using TMREV-4 dipolar recoupling.49 The experimentally observed 

temperature dependencies of the backbone order parameters, 𝑆𝑁𝐻
2  and 𝑆𝐶𝛼𝐻

2  are shown in Figure 

4.1.  In both PR-DMPC and PR-DOPE samples, they remain constant below ~220 K and exhibit 

nearly linear decrease as a function of the inverse temperature above ~220 K.  

 

 

Figure 4.1 Experimental temperature dependence of backbone 13Cα-1H and 15N-1H dipolar order 

parameters in the PR-DMPC (A,B) and PR-DOPE (C,D) samples. Red lines represent best fits 

according to Eq. 4.11.  
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As the spectral density functions (Eq. 4.9) are proportional to (1-S2) through their Ck 

coefficients,32 even small changes in the generally large order parameters could cause significant 

changes in the relaxation rates. To account for the experimentally observed temperature 

dependence, we considered a motional model in which the Ck coefficients were approximated as   

 𝐶𝑘(𝑇) = {
𝐶𝑘,𝐿𝑇 , 𝑇 < 220𝐾

𝐶𝑘,𝐿𝑇 (1 + 𝜑𝑘 ∙ (
1000 𝐾

220 𝐾
−
1000 𝐾

𝑇
)) , 𝑇 ≥ 220𝐾

 .     (4.11) 

Here, 𝐶𝑘,𝐿𝑇 corresponds to the temperature range below 220 K where changes in the amplitude 

are minimal, and 𝜑𝑘 describes a slope of an approximately linear decrease of the order parameter 

𝑆2 and linear increase in Ck. One weakness of this approximation is that the bulk order 

parameters represent averages over many residues and over all motions, and no information on 

the amplitudes of individual motions can be derived. Nevertheless, we test this approximation in 

order to get a general idea on how temperature dependent amplitudes affect the time scales and 

activation energies of motions. 

The decrease in the order parameter above ~220 K may also be related to temperature-

dependent changes in the timescale of motional processes if these motions undergo a transition 

from a slow regime at low temperatures to the fast regime at higher temperatures. The relevant 

transition time scale is related to the effective 15N-1H and 13C-1H dipolar couplings under the 

conditions of TMREV recoupling,50,51 and is roughly defined by the inverse of the effective 

interaction strengths (𝐷𝑒𝑓𝑓,𝐶𝐻
−1 ≈ 150 µs,  𝐷𝑒𝑓𝑓,𝑁𝐻

−1 ≈ 350 µs). Thus, a motion with the time scale 

entering the ms-s range would gradually begin to average the 15N-1H and 13C-1H dipolar 
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interactions, thereby causing a decrease in the dipolar order parameter without directly affecting 

the amplitude. We therefore consider another model with temperature independent Ck 

coefficients. 

4.2.5 Data Fitting and Statistical Analysis 

The six relaxation rates (1H R1, 
13C R1, R2, R1ρ, 

15N R1, R2) measured in the 104-289 K 

range cumulatively cover approximately seven orders of magnitude of the time scale of internal 

motions, from 10-11 to 10-4 sec. While some local motions e.g., amide bond N-H librational 

motions, would affect 15N relaxation rates with a minimal effect on 13C relaxation, the protein 

dynamic landscape includes motions that involve larger molecular fragments, thereby affecting 

several rates. Unfortunately, performing a global fit in a multiparameter space would be 

prohibitively computationally expensive. In lieu of the global fitting procedure we considered 

three separate sets of best fit motional modes which respectively contribute to the temperature 

dependence of the 15N backbone longitudinal relaxation rates, and of all R2 and R1 backbone 

relaxation rates (15N R2, 
13C and 13C R2 and R1).  We fit them using two model assumptions 

that account for the observed temperature dependence of the backbone dipolar order parameters. 

In model 1, the motional amplitudes are assumed constant over the experimental temperature 

range, under the implicit assumption that changes in the dipolar order parameters are related to 

the changes in the timescale of motional processes. In model 2, changes in the dipolar order 

parameters are assumed to be temperature dependent according to Eq. 4.11.  Both models 

represent simplifications and the true physical nature of the motional processes likely contains 

aspects of both models. At temperatures below 220 K both models are temperature independent.  
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The goodness of fit was assessed by using the reduced χ2  

𝜒𝑟𝑒𝑑
2 =

𝜒2

𝑁−𝑝−1
                   (4.12) 

where p is the number of fit parameters which is related to the number of motional modes n, and 

𝜒2 is given as 

𝜒2 = ∑ ∑
(𝑅𝑥,𝑒𝑥𝑝𝑡,𝑖−𝑅𝑥,𝑡ℎ𝑒𝑜𝑟𝑦,𝑖)

2

𝜎𝑥,𝑒𝑥𝑝𝑡,𝑖
2

𝑁
𝑖=1𝑥  .         (4.13) 

𝑅𝑥,𝑒𝑥𝑝𝑡,𝑖 and 𝑅𝑥,𝑡ℎ𝑒𝑜𝑟𝑦,𝑖 are experimental and back-calculated relaxation rates, 

respectively, and 𝜎𝑥,𝑒𝑥𝑝𝑡,𝑖 are uncertainties in relaxation rates. The summation extends over all 

measured relaxation rates included in the fit (e.g., multiple R2 and R1  rates were fit 

simultaneously), and over N different temperatures (23 temperature points were taken for most 

relaxation rates). In temperature independent model 1, the best fit activation energies Ea,k, time 

constants τc,∞,k, the temperature independent coefficients Ck, and the coherent contributions 

Rx,coherent were determined by minimizing the reduced χ2 (Eq. 4.12), using a simplex 

minimization procedure.52 In model 2, the list of the fit parameters included the coefficients Ck,LT 

and φk (Eq. 4.11). Reduced χ2 was calculated for an increasing number of motional modes n and 

the statistical significance (1-α) of each additional motional mode was determined using the F-

test (reported in Tables A2.3-A2.7).53–56 Motional modes with statistical significance greater 

than 80% are reported.  

To eliminate bias from the initial guess of all fit parameters used in the minimization 

procedure we repeat the fitting procedure 5000 times where we randomize the initial guesses of 
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the values of Rcoherent, Ea,k, τc,∞,k, φk, and Ck,,LT or Ck. Additional details are given in the 

Supporting Information (Section A2.5).  

Side chain motions were analyzed by considering relaxation rates of arginines, lysines, 

and methyl groups. We separately fit the arginine and lysine 15N R1 to determine their best fit 

motional modes. Due to proton driven spin diffusion effects, bulk protein 13C R1 relaxation rates 

in GPR are dominated by contributions from methyl motions. Since we have no reliable 

temperature dependent dipolar order parameters for the side chains, their motional amplitudes 

were assumed to remain constant over the entire temperature range. Similar to the backbone 

fitting procedure, the F-test was used to determine the statistical significance (1-α) of each 

additional motional mode, reported with 80% confidence. Additional details are provided in the 

Results Section.  

 

4.3 Results 

GPR was reconstituted in two lipid systems that form bilayers of different thickness and 

fluidity. DMPC and DMPA lipids have phase transitions at ~24 ºC57 and ~55 ºC58 respectively, 

and the DMPC:DMPA (9:1 w/w) mixture has a phase transition near that of pure DMPC at 

~24 ºC as was directly determined by us recently.59 The transition temperatures of DOPE and 

DOPG are  -16 ºC60,61 and -18 ºC62, respectively, and the main transition of the DOPE:DOPG 

mixture (7:3 w/w) is expected to be close to the  -16 °C – -18 °C, and within the temperature 

range probed in this work.   
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Due to the large temperature range employed and limited spectral resolution at low 

temperatures, all relaxation measurements were performed using 1D spectroscopy; thus, nuclear 

spin relaxation rates are averaged across many atoms.  However, there are several distinct groups 

of signals that are resolved in 1D spectra (Figure A2.2), and they act as reporters on motions 

occurring in different parts of the protein. In addition to 13Cα, 13C’ and amide 15N atoms that 

report on backbone motions, there are well resolved resonances near 35 ppm corresponding to ε-

ammonium groups of six lysines (the Schiff base nitrogen of the seventh lysine-231 resonates at 

ca.164 ppm) five of which are located in the loops or in the solvent-exposed ends of helices, and 

are expected to bear motional signatures of the surrounding aqueous solvent. Similarly, 

guanidinium groups of all four arginines are exposed to solvent, including Arg-94 which extends 

into the polar cavity in the extracellular portion of GPR.24 Motions of solvent can also be 

independently assessed from 1H relaxation parameters of the water signal.  

4.3.1 Backbone Dynamics  

The main 15N peak with a maximum at around 120 ppm contains contributions primarily 

from the backbone amides, and its R1 relaxation reports on the backbone dynamics. 15N-15N 

PDSD is slow even at moderate spinning frequencies,63 and although it is expected to result in 

some averaging between neighboring amide sites, it is unlikely to extend across the entire 

protein. In agreement with this, distinct biexponential R1 trajectories were observed in both 

samples and over the entire range of temperatures (see Figure A2.3 for comparison of single 

exponential and biexponential fits). The slow and the fast R1 rates measured at temperatures 

above freezing were on the order of 0.01 s-1 and 0.1 s-1, respectively, and they represent moieties 

with vastly different dynamic properties, e.g., loops and TM helices. The relative contributions 
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of the slow and fast relaxing components are 0.85 and 0.15, and they agree with relative 

populations of the TM and loop regions in GPR. Differential relaxation between loops and 

helices, although to a smaller extent, was observed previously in another 7TM photoreceptor 

Anabaena Sensory Rhodopsin (ASR).64 Thus, the fast and slow relaxing components likely 

represent relaxation of loop and transmembrane (TM) regions, respectively.  

Representative relaxation trajectories shown in Figure 4.2, demonstrate strong 

temperature dependence. As the decoupling and MAS conditions are maintained constant in all 

experiments, these changes must be associated with changes in the dynamics of GPR. Following 

the procedure outlined in the Methods section, we analyze relaxation rates that probe backbone 

motions (15N R1 of the TM domains and loops as well as the 15N R2, and 13C and 13C R2 and 

R1), assuming two models for the temperature dependence of the motional amplitude.  

Model 1: Temperature independent motional amplitudes 

 Assuming temperature independent order parameters, the 15N R1 relaxation rates of the 

loop regions are fit by 2 motional modes in both samples (denoted as Loop-1 and Loop-2), 

whereas three modes are needed to explain 15N R1 relaxation of TM regions (denoted as TM-1 to 

TM-3) (Tables A2.3, A2.4, Figure 4.3A,B). Low activation energy modes (Ea   2 kJ/mol, TM-

1 and Loop-1) dominate 15N R1 at low temperatures. As with all low activation energy modes 

(Ea/RT<<1), the time scale of these modes could not be determined accurately because of the 

weak temperature dependence of the correlation time (Eq. 4.10). Accordingly, their 

contributions could be fit over a wide range of the Ck and 𝜏𝑐,∞,𝑘 values. 
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Figure 4.2 Representative relaxation trajectories and the corresponding best fits. Solid circles 

represent experimental points, solid lines are best fit simulations. 15N R1 and biexponential fits in 

PR-DMPC (A) and PR-DOPE (B); 1H R1 of the bulk protein in PR-DMPC (C); 13C R1 in PR-

DMPC (D) and PR-DOPE (E); 1H R1 of H2O in PR-DOPE (F); 15N R2 in PR-DMPC  (G) and  

PR-DOPE (H); 13Cα R1ρ in PR-DMPC (I); 13C R2 in PR-DMPC (J) and PR-DOPE (K); 13C R1ρ 

PR-DMPC (L). 
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 Higher activation energy Loop-2 and TM-3 modes (Ea >15 kJ/mol) are similarly present 

in both samples and begin to dominate the 15N R1 relaxation above 220 K in the TM regions and 

at 240 K in the loop regions (Figure 4.3C,D). Another motional mode TM-2 with activation 

energy of ~ 27 kJ/mol contributes to the TM 15N R1 over the narrow temperature range near 

~210 K in the PR-DOPE sample (Figure 4.3D). Similarly, local but much higher activation 

energy TM-2 mode (Ea >80 kJ/mol) is required to fit the inflection point at ~250 K in PR-DMPC 

sample (Figure 4.3C). However, the relative contributions of the TM-2 modes are low compared 

to the TM-3, and the fit parameters are not well defined since these modes only fit a small 

number of data points, especially in the PR-DMPC sample. 
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Figure 4.3 Temperature dependence of 15N R1 relaxation rates and their best fits assuming 

temperature independent motional amplitude (model 1). 15N R1 rates in loops of PR-DMPC (A) 

and PR-DOPE (B); 15N R1 rates in TM regions of PR-DMPC (C) and PR-DOPE (D). 

 

With temperature independent motional amplitude, four modes are required to fit the R2 

and R1 relaxation rates in PR-DMPC (Transverse-1 to Transverse-4), and three motional modes 

fit the R2 and R1 rates in PR-DOPE. Two major contributing modes, the lower activation energy 

Transverse-1 mode (~ 6 -10 kJ/mol) and the higher energy mode Transverse-2 (~21-27 kJ/mol), 



 

 

134 

 

qualitatively capture the two increases observed in all rates at ~170-200 K (Transverse -1) and at 

~240 K (Transverse-2) in both samples (Figure 4.4). Due to the shift of the maxima of spectral 

density functions to higher temperatures, these two increases are more pronounced in the 15N and 

13C’ R2 as compared to 13Cα R1ρ, 
13C R1ρ and 13Cα R2. In the 220 K-289 K, the time scales of 

these modes enter the microsecond range where they can induce a reduction of the dipolar order 

parameters.   

In PR-DMPC, two additional high activation energy modes Transverse-3 and Transverse-

4 are required to fit the increase in 13C´ and 13C R1ρ at low temperatures below 125 K (Figure 

4.4A and 4.4G, Table A2.3) and the local maximum in 13Cα R1ρ and 13C R1ρ observed at ~125 K 

(Transverse-4). A low energy Transverse-3 mode is required in PR-DOPE to fit an increase in 

relaxation observed at low temperatures (e.g., Figure 4.4B, Table A2.4). Apart from that, the 

effect of the Transverse-3 and Transverse-4 modes at low temperatures is similar to that of the 

coherent contributions.   
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Figure 4.4 15N and 13C R2 and R1 backbone relaxation rates, and their best fits assuming 

temperature-independent motional amplitudes. (A-B)13Cα R1ρ in PR-DMPC (A), PR-DOPE (B).  

(C-D) 13Cα R2 in PR-DMPC (C), and PR-DOPE (D). (E-F) 15N R2 in PR-DMPC (E), and PR-

DOPE (F). (G-H) 13C R1ρ in PR-DMPC (G) and PR-DOPE (H). (I-J)13C R2 in PR-DMPC (I) 

and PR-DOPE (J).     

 

Model 2: Temperature dependent motional amplitude above 220 K   

An explicit temperature dependence of the order parameter (Eq. 4.11) results in 

additional solutions that adequately describe the observed relaxation rates. A single low 

activation energy mode Loop-1 (<2 kJ /mol) and a temperature dependent Ck are sufficient to 

explain both the low temperature 15N R1 relaxation as well as the increase in R1 above 220 K in 
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the PR-DMPC sample (Table A2.5, Figure 4.5A) with  𝜒𝑟𝑒𝑑
2  of 2.6 being similar to that in the 

temperature independent model ( 𝜒𝑟𝑒𝑑
2  of 2.1, Table A2.3).  

A similar low activation energy mode contributes to 15N R1 longitudinal relaxation in loops of 

PR-DOPE, but the increase at ~240 K could not be modelled solely by the increase in amplitude, 

and requires the inclusion of an additional higher energy (~29 kJ/mol) mode Loop-2 (Table 

A2.6, Figure 4.5B) An alternative best fit with a single activation energy mode and temperature 

dependent motional amplitude is shown in Figure A2.6. 

 

Figure 4.5 Temperature dependence of 15N R1 relaxation rates and their best fits assuming 

temperature dependent motional amplitude defined by Eq. 11 (Model 2). 15N R1 rates in loops of 

PR-DMPC (A) and PR-DOPE (B); 15N R1 rates in TM regions of PR-DMPC (C) and PR-DOPE 

(D).  In (A) only one motional mode is needed to fit 15N R1 in PR-DMPC and therefore only the 

best fit is shown. 



 

 

137 

 

 Low activation energy modes (TM-1) are also present in the TM domains in both samples 

and they dominate 15N R1 relaxation at low temperatures. Two additional modes are required to 

fit R1 in PR-DMPC (Table A2.5), and both are similar to those found in model 1. Finally, only 

one high activation energy mode TM-2 (~30 kJ/mol, similar to TM-2 in model 1) is required to 

explain the inflection at ~200 K in PR-DOPE (Table A2.6, Figure 4.5D). 

In model 2, the R2 and R1 relaxation rates in the PR-DMPC sample are fit by 3 motional 

modes (Figure 4.6), with  𝜒𝑟𝑒𝑑
2  of 17.5 (Table A2.5), whereas in the PR-DOPE sample these 

rates are fit by two modes if temperature dependent order parameters are assumed ( 𝜒𝑟𝑒𝑑
2 ~13.9, 

Table A2.6).   



 

 

138 

 

 

Figure 4.6 15N and 13C R2 and R1 backbone relaxation rates, and their best fits assuming 

temperature-dependent motional amplitude defined by Eq 11 (Model 2). Experimental and best 

fit of 13Cα R1ρ measured in PR-DMPC (A) and PR-DOPE (B);  13Cα R2 in PR-DMPC (C) and 

PR-DOPE (D); 15N backbone R2 in PR-DMPC (E) and PR-DOPE (F); backbone 13C R1ρ  in PR-

DMPC (G)  and PR-DOPE (H); and backbone 13C R2 in PR-DMPC (I) and PR-DOPE (J).       

 

Comparison of model 1 and model 2 

The low activation energy modes dominate the low temperature fast backbone dynamics in both 

models, whereas their contributions to the 15N R1 at temperatures above 220 K depend strongly 
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on the temperature dependence of their order parameters. Using previously obtained data on 

ASR as a reference point,64 it appears that model 2 is more suitable for the description of the 

dynamics of loop regions, while the amplitudes of motions of the TM domains are better 

approximated by the temperature independent model 1. Indeed, the observed bulk order 

parameter values 𝑆𝑁𝐻
2  measured in GPR (𝑆𝑁𝐻

2 ~0.85  at 280 K) are in agreement with the bulk 

order parameters of ASR (𝑆𝑁𝐻
2 ~0.84  at 280 K),64 while more detailed site-specific 

measurements in ASR indicated that the TM backbone was more rigid than loops (typical 

 𝑆𝑁𝐻
2 ~0.88 for TM regions, and ~ 0.83 for loops).17,64 Higher mobility of loops is expected, as 

the strong intrahelical hydrogen bonds in TM domains (the per-residue energy cost of disruption 

of a CONH hydrogen bond in an alkane is estimated to  be ~4 kcal/mol, almost an order of 

magnitude higher than the thermal energy)8,65 make amide bonds less amenable to changes in the 

lipid dynamics which is expected to begin to occur around  ~200 K.66    

The low activation energy mode Loop-1 in combination with the increase of the order 

parameter explains the high temperature 15N R1 relaxation in the loops of the PR-DMPC sample 

Figure 4.5A; Table A2.5). Such behaviour makes physical sense, as loops, especially 

unstructured, directly interact with aqueous solvent, may form hydrogen bonds with it and are 

expected to be more affected by changes in solvent dynamics. In contrast, the high temperature 

15N R1 relaxation in loops of the PR-DOPE sample couldn’t be modeled with a single mode due 

to a much steeper increase in the 15N R1 rates which appears to correlate with the dynamics of 

solvent.  
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Figure 4.7 Intensities of 1H water signals. (A) PR-DMPC sample. (B) PR-DOPE sample. 

Vertical lines indicate temperatures where large changes in peak amplitude are observed over a 

short temperature range. 

 Proton spectra of PR-DMPC and PR-DOPE samples contain well resolved signals from 

water, and its dynamics may be indirectly inferred from the analysis of the water peak intensity 

as function of temperature.67 Water signals remain sharp above ~276 K and begin to broaden 

below 276 K (Figure 4.7, A2.7). The relative drop in signal intensity is greater and sharper in 

PR-DOPE, probably owing to the higher amount of the unbound and more rapidly freezing water 

in that sample.  The water signal continues to broaden with decreasing temperature and becomes 

undetectable at ~230 K in PR-DOPE, and at ~200 K in PR-DMPC (Figure 4.7, A2.7). Thus, a 

sharper decrease in 15N relaxation rates with temperature in PR-DOPE appears to correlate with 

the faster freezing of solvent.  

More complex motions are present in the TM regions. The low Ea modes still dominate 

the low temperature 15N R1 relaxation, albeit the rates are more than an order of magnitude 

smaller in the TM domains. However, these modes are unable to describe the observed 15N R1 
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high temperature relaxation under the assumption of temperature independent order parameters. 

Instead, it is dominated by higher activation energy modes (~20 kJ/mol) (TM-3, Figure 4.3C,D, 

Tables A2.3-A2.4).These modes result in a nanosecond timescale range motions at ambient 

temperatures which is generally consistent with previous observations in ASR.64Additionally,  

there are also higher activation energy modes (TM-2), which contribute to 15N R1 relaxation in a 

narrow temperature range (around 250 K in PR-DMPC, and around ~240 K in PR-DOPE), but 

their contribution is negligible at ambient temperatures where most protein relaxation studies are 

performed.  

 Unfortunately, we are unable to disentangle the contributions from loop and TM residues 

to the R2 and R1 relaxation. However, given that the helical TM regions constitute ~85% of the 

protein, we expect that the bulk R2 and R1 rates would primarily reflect relaxation of the TM 

domains. R2 and R1 data provide evidence for higher activation energy backbone dynamics 

(Ea~5-10 kJ/mol, for Transverse-1 and ~ 20-30 kJ/mol for Transverse-2) which result in motions 

on the microsecond time scale at ambient temperature. These modes are clearly present in both 

15N and 13C and 13C’ R2 and R1 relaxation data and likely represent motions of backbone 

fragments. 

4.3.2 Side chain and solvent dynamics 

13C R1 bulk relaxation rates were monitored for several spectral regions corresponding to 

the backbone carbonyls, Cα carbons as well as methyl groups. They were found to have only 

small variations between the groups at all temperatures due to the averaging effects of PDSD 

(Figure A2.8). The temperature dependence of the 13C R1 bulk relaxation rates was modelled 
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using 2 motional modes in PR-DMPC and 3 motional modes in PR-DOPE.  Because the 13C R1 

interaction strength (Cint in Eq. 4.2) is not well defined due to the effects of proton driven spin 

diffusion, the parameter Cint∙Ck is fit for each motional mode.   

In both samples, the 13C R1 rates are dominated by the methyl 3-site hops at higher 

temperatures with the expected maximum at ~200 K (Figure 4.8).5 The corresponding motional 

modes (modes 2 and 3, Table A2.7-A2.8) have activation energies in the range of 5.2-29.5 

kJ/mol typical of those measured for methyl groups  in BR (8.6 to 22.4 kJ/mol),68 the SH3 

domain from α-spectrin (11.7 kJ/mol)69 and GB1 (8.9 kJ/mol)5, and induce motions on the 

picosecond-nanosecond time scale at ambient temperatures, also typical for methyl 

rotations.5,68,69  Additional low energy (~3 kJ/mol) modes are required to fit the low temperature 

relaxation (Tables A2.7-A2.8).  
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Figure 4.8 Temperature dependence of the 13C R1 relaxation rates measured from the backbone 
13C’ atoms in PR-DMPC (A) and PR-DOPE (B).  Best fit model is a combination of the low 

activation energy motional modes and a motional mode representing the methyl rotation. 

1H relaxation rates of water measured above the complete freezing points (230 K in PR-

DOPE, 200 K in PR-DMPC), show strong correlation with 1H R1 rates of the protein 

(Figure A2.10), likely due to the exchange processes between water and the exchangeable 

groups of the protein, as well as due to intraprotein proton spin diffusion.70–72 This averaging 

effect becomes more complete at temperatures below 267 K when motions of water become 

more restricted. 

The temperature dependence of the bulk protein 1H R1 relaxation rate contains a 

significant discontinuity at ~276 K. We used R1 rates measured below 230 K (chosen to 

minimize interference due to the water phase transition) to estimate activation energies and time 

scales of motions contributing to proton R1. Two motional modes are required in both samples 



 

 

144 

 

(Figure 4.9). The modes with energies of 19.8 kJ/mol in PR-DMPC and 13.3 kJ/mol in PR-

DOPE and their time scales are in agreement with those estimated for methyl rotations from 

the13C R1 data (Tables A2.7-A2.8). An additional low activation energy mode (~1 kJ/mol) 

dominates R1 rates at low temperatures which are still more than one order of magnitude greater 

than the previously measured 1H R1 relaxation rates in microcrystalline GB1.5 

 

Figure 4.9 Best fit models of the temperature dependence of the bulk protein 1H R1 relaxation 

rates in (A) PR-DMPC and (B) PR-DOPE.  Data points within the shaded regions were used to 

determine the best fit motional modes. 

Additional information on side chain motions and their possible correlation to the 

dynamics of solvent can be derived from the analysis of lysine and arginine side chain signals. 

The rapid local motions of the ε-amino groups of lysines result in sharp 15N signals at ambient 

temperatures in both samples; they become noticeably broader (but detectable at most 

temperatures) in the c.a. 180 K-240 K range, likely due to the interference between the rate of 

the three-site hopping and the decoupling field strength;73 the peaks sharpen again at 
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temperatures below 180 K when the hopping motions become slow. Both the R2, R1  and 

longitudinal relaxation rates do not show strong temperature dependence below 180 K (Figure 

4.10). The R1 rates increase as the three-site hopping begins to dominate the relaxation pathway 

above 180 K, while the opposite trend is observed for the R2 rate which decreases by 2 orders of 

magnitude. The latter may be due to both the decrease in the incoherent contributions as well as 

the decrease in the coherent contributions through motional averaging of proton-nitrogen and 

proton-proton dipolar couplings. 

At temperatures above ~220 K the Lys 15N R1 rates were larger than what could be 

accurately quantified from the relaxation trajectories with the used relaxation delays. Therefore, 

only the lower bound of ~0.3 s-1 on R1 was determined, and it is represented by the horizontal 

bars in Fig. 4.10A-D.  

Temperature dependence of 15N lysine R1 rates was modelled using two modes. A  low 

activation energy motion (< 1 kJ/mol) is responsible for relaxation at low temperatures. To 

estimate the upper and lower bounds on the higher activation energy mode, we performed two 

minimizations. In the first, the R1 values above 220 K were constrained to be between 0.3 s-1 and 

10 s-1. The higher limit was imposed to ensure that R1 remains close to the lowest bound (Fig. 

4.10A,B). In the second calculation, no upper limit was used (Fig 4.10C,D). The activation 

energy of this mode was found to be in the range from 33 to 53 kJ/mol in PR-DMPC, and from 

41 to 57 kJ/mol in PR-DOPE (Table A2.9-A2.10). These values are in agreement with 

previously reported data for the -NH3
+ hoping motions which were based on measurements 

conducted on a crystalline alanine.73 
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Figure 4.10 15N lysine side chain relaxation rates. In A and B, the lowest activation energy 

estimates for the 𝐍𝐇𝟑
+ 3-site hop are shown for PR-DMPC (A) and PR-DOPE (B). In C and D, 

the largest activation energy estimates are determined for PR-DMPC (C) and PR-DOPE (D). The 

𝐍𝐇𝟑
+ 3-site hop motional mode is represented by dashed grey line; an additional motional mode 

is shown in solid grey. Red line represents the best fit. Horizontal bars are the lower bound on 

relaxation rates in the regions where relaxation was too fast and could not be accurately 

measured. Fitting procedure is discussed in the text. 15N R2 rates are shown in (E) for PR-DMPC 

and in (F) for PR-DOPE.  
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Guanidinium groups of all four arginine residues are exposed to solvent as well, 

including R94 which extends into the polar cavity in the extracellular half of GPR.24 There are 

only slight variations in the R2 rates across the entire range of temperatures (Figure A2.9), 

suggesting that no slow motions are activated in the probed temperature range. In contrast, the R1 

rates undergo an order of magnitude monotonic increase as temperature increases; in both 

samples, they are best fit by 3 motional modes (Arg-1 to Arg -3 in Figure 4.11), assuming 

temperature independent motional amplitude. A low activation energy mode Arg-1 (2-4 kJ/mol) 

corresponds to picosecond-nanosecond motions and contributes at temperatures below ~190 K. 

At temperatures above ~220 K in PR-DMPC and ~240 K in PR-DOPE the onset of another 

mode (Arg-2) causes the order of magnitude increase in the 15N R1 relaxation rate. Its activation 

energy and timescale agree well with the temperature dependence of the loop-2 motional mode 

in the temperature independent approximation for the order parameter (model 1) (see Tables 

A2.3, A2.4, A2.7 and A2.8).  A third motional mode (Arg-3) is also required to fit a small 

increase in the 15N R1 rate in both samples but the overall contribution of this mode is small. 
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Figure 4.11 Arginine 15Nε R1 relaxation rates and best fits in (A) PR-DMPC and (B) PR-DOPE 

samples.  

 

4.4 Discussion and Conclusions   

We have measured the temperature dependence of six bulk solid-state NMR relaxation 

rates (1H R1, 
13C R1, R2, R1ρ, 

15N R1, R2) from 104 K to 289 K in a 7TM membrane protein 

proteorhodopsin reconstituted in DMPC and DOPE lipids, which were chosen because of their 

different fluidity. We monitored the temperature dependence of these rates from spectrally 

distinct regions of GPR that probe backbone and side chain motions in the TM and loop regions 

of the protein as well as motions of water. Although such bulk relaxation measurements cannot 
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capture the site-specific motional variations, they allow us to draw general conclusions on the 

dominant dynamic effects in GPR (e.g., motions affecting large groups of atoms) and obtain their 

approximate energy landscape. As GPR is a typical polytopic membrane protein, many of these 

observations are expected to be relevant to other membrane proteins as well. 

Most SSNMR relaxation measurements  have so far been performed on globular proteins 

in a microcrystalline state,74 e.g., GB1,75–78 ubiquitin,79–82  -spectrin SH3 domain,83–86 and there 

is only one full temperature study, to our knowledge, done on GB1.5 Therefore, GB1 represents 

an important reference point for a comparison with GPR data. The first striking feature that 

distinguishes GPR from GB1 are much higher R1 rates at low temperatures. This observation 

holds for the TM and loop backbone atoms, and for both solvent-exposed and lipid-exposed side 

chains. The high relaxation rates at low temperatures are explained by low energy motions at the 

bottom of the energy wells in the approximate motional energy landscape diagram of GPR 

proposed in Figure 4.12. As these picosecond-nanosecond motions are detected in both the 

water-exposed loops and side chains of arginines and lysines, and in the TM domains, they are 

most likely not related to the motions of solvent. While the loops and polar Arg and Lys side 

chains interact with water directly (as, for example, known from their exchangeability24), the 

backbone of the non-exchangeable TM domains is not directly involved in the interactions with 

either water or lipids.24 The predicted time scales of these low activation energy motions are in a 

qualitative agreement with the time scales of local motions detected by us earlier in ASR.64 They 

may represent local confined diffusive motions which have been observed in various proteins in 

experiment and simulation on the picosecond to nanosecond timescale at temperatures below 

240 K.2,4,16,20,87  
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As temperature rises, the15N R1 relaxation rates begin to increase monotonically above 

~190 K in GPR. An additional higher energy (~20 kJ/mol) motion is likely responsible for this 

increase in the well-structured and more rigid (that is, undergoing motions of smaller amplitude) 

TM domains (e.g., TM-3 mode). This mode results in motions on a 10-100 ns timescale at 280 K 

in GPR. Motions of similar activation energy and time scale were detected in GB1, and were 

assigned to collective peptide plane motions, while similar time scale motions in ASR were 

interpreted by us as collective rocking motions of individual helices and collective motions of 

two structured loops. Motions on a slightly slower time scale of ~200 ns were detected in the  -

barrel integral membrane protein KpOmpA, and they were attributed to an overall rocking of the 

barrel. We suggest that the higher energy motions of ~20 kJ/mol represented by TM-3 modes are 

caused by collective motions of residues in the TM regions. Similar higher activation modes may 

be present in loops (e.g., as in model 1), but their much greater 15N R1 rates result, at least in part, 

from an increase in the amplitude of low activation energy motions.  

A higher activation energy motional mode affects 15N R1 of the arginine side chains, and 

results in a sharp increase of relaxation rates above ~220 K in PR-DMPC and ~240 K in PR-

DOPE, similar to the increases detected for the 15N R1 backbone rates in loops. Both effects 

correlate, at least qualitatively, with the depression and smearing of the water phase transition 

down to 200 K in PR-DMPC, and to 230 K in PR-DOPE (Figure 4.7).  

Temperature dependence of R2 and R1 relaxation provides evidence for additional 

distinct collective backbone motions in GPR with activation energies of 6 -10 kJ/mol 

(Transverse-1) and ~21-27 kJ/mol (Transverse-2). The lower energy Transverse-1 mode captures 
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the relaxation increase in the 170-200 K range, and is qualitatively similar to the single mode 

responsible for the temperature dependence of the R2 and R1 rates in  GB1.5 The higher energy 

Transverse-2 mode is unique to GPR, and it impacts its backbone R2 and R1 rates above ~240 K. 

Both motions impacting R2 and R1 rates result in slow motions at the microsecond or 

slower time scale at 280 K. They are much slower than the collective motions described by TM-

3 mode, suggesting that they are distinct, of collective nature, and involve large groups of 

atoms.2,13 They are unlikely to be related to rotational diffusion of GPR in either DMPC or 

DOPE lipids as evident from temperature-independent relative intensities of the carbonyl 

spinning sidebands (see Figure A2.11).88   

Due to the abundance of methyl groups in GPR and strong spin diffusion effects, the bulk 

13C R1 and 1H R1 rates are dominated by the dynamics of methyl group rotations above 190 K, 

with their activation energies being in the range of 5.2-29.5 kJ/mol, and in agreement with the 

previously estimated values.5,20,68 In addition, the NH3
+ three-site hopping motion in lysine side 

chains results in an order of magnitude increase in their 15N R1 rates over a short temperature 

range around ~220 K,5,73 with activation energy estimates in the range of 34-57 kJ/mol, also in 

agreement with previous studies of the NH3
+ 3-site hopping.73 Even higher activation energy 

motions may be present in the backbone of TM helices ( modes TM-2), but an approximate 

nature of our data prevents us from drawing definitive conclusions regarding these motions.  
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Figure 4.12 Overview of the energy landscape of GPR. Activation energies affecting R2 and R1  

relaxation rates and representing collective backbone motions (5-30 kJ/mol) occur on the 

microsecond or slower timescales at 280 K. Activation energies of fast nanosecond to 

picosecond motions and affecting longitudinal relaxation rates occur within the local energy 

minima of the slower motions. Fast motions include low activation energy (<5 kJ/mol) backbone 

and sidechain fluctuations which are shown at the bottom of larger activation energy (5-40 

kJ/mol) wells corresponding to the 3-site hopping of sidechain methyl or NH3
+ groups. The 

energy landscape of the TM regions also permits fast collective motions of the backbone and 

sidechains (>15 kJ/mol).   
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5 Future Research 

In this thesis we have reported two different methods for probing the dynamics of 

membrane proteins using Solid State NMR.  We tested these methods on two 7TM rhodopsins, 

ASR and GPR. First, we measured site specific 15N R1 and R1ρ relaxation rates as well as 

backbone dipolar order parameters in ASR.  Second, we measured six different bulk relaxation 

rates and two bulk dipolar order parameters over a wide temperature range from 104 K to 289 K.  

Both methods reveal the presence of multiple timescales of motions which occur simultaneously 

in both the TM and loop regions of these proteins.  Interestingly, large differences were observed 

between relaxation rates of the TM and loop regions of both membrane proteins.  Model free 

analysis of the relaxations rates suggests that the timescales and activation energies of these 

motions are different between the two regions, highlighting the impact of the surrounding 

environment on the internal dynamics. 

 

5.1 Proposed Projects 

Our study on the site-specific dynamics of ASR (Chapter 3) reported exclusively on the 

protein’s dark state where ASR was not bound to its cytoplasmic transducer protein (ASRT).  

However, functionally important dynamics are thought to mediate the binding/unbinding of ASR 

and ASRT.  Specifically, the highly dynamic C-terminal tail of ASR is known to be involved in 

binding.1,2  Additionally, the movement of helix G away from the TM bundle during the 

photocycle of ASR is thought to affect binding affinity to ASRT.3,4  Changes in the functionally 
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important ASR dynamics upon binding with ASRT could be monitored by the same site-specific 

relaxation and dipolar order parameter measurements as was done in Chapter 3, however, 

technical hurdles in the sample preparation remain. The study presented in Chapter 3 reports on 

the dynamics of a C-terminally truncated ASR variant which binds ASRT with much lower 

efficiency than the wild-type ASR.1,2,5  However, C-terminally truncated ASR is more efficiently 

expressed in E-coli BL21 cells in comparison to the wild type ASR which is slightly toxic to 

those cells.6  Given adequate resources, samples of wildtype ASR can be produced, however, the 

binding of ASRT to monomers of wildtype ASR may inadvertently be blocked by the large 

liposomes which embed the protein in a native-like lipid environment.  Since ASRT can only 

access the outer surface of the liposomes and since there is no way to control the orientation or 

ASR in the liposomal membranes, the cytoplasmic surface of a large fraction of ASR monomers 

may not be accessible to ASRT as they is on the inner surface of the liposomes.   The use of 

nanodiscs as opposed to liposomes has been shown to improve the access of ligands to the 

binding sites of membrane proteins.7  We propose that producing samples of nanodiscs 

containing ASR bound to ASRT for analysis of site-specific dynamics using solid state NMR 

would reveal how the binding kinetics are governed by local dynamical processes and may lead 

to insights into how the binding affinity is modulated by photon absorption. 

In Chapter 4, the sensitivity of the bulk relaxation measurements of GPR to the backbone 

TM and loop region motions were significantly impacted by the spectral overlap of the backbone 

TM and loop regions resulting in the convolution of relaxation rates from both regions. 

Deconvolution of the relaxation trajectory was only possible in the case of 15N R1 relaxation.  

Regardless of spectral overlap, deconvolution of most relaxation trajectories would be enabled 
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by suspending the protein of interest in a D2O based buffer such that the exchangeable amide 

protons (preferentially located in loop regions of the protein8) on the protein would be replaced 

with deuterons.  The presence of the deuterium atom in the exchangeable loop regions can be 

used to selectively remove NMR signal from these regions through the use of a selective one 

bond 1H/15N CP3,9 with short contact times, or to select for NMR signal exclusively from these 

loop regions through the use of a R3 filter10,11.  This would enable the temperature dependent 

measurements of 15N R1 and R2 as well as 13C R1ρ an R2 rates in the TM and loop regions 

separately.  However, spin diffusion processes would limit the application of this technique to 1H 

and 13C R1 measurements.  These additional measurements would greatly enhance our 

understanding of how the energy landscape, timescale and motional amplitudes of the TM and 

loop regions depend on their immediate surroundings (e.g. aqueous solvent vs. lipids). 

 Understanding the impact of the surrounding environment on the low activation energy 

picosecond motion which, in Chapter 4, was observed in both samples across multiple relaxation 

rates, is of particular interest.  This motional mode persists at low temperatures (<190 K) and due 

to its larger amplitude in the loop regions of PR and ASR and its significantly reduced presence 

in GB1, we suggested that it was related to the surrounding environment (which differs 

significantly with the GB1 microcrystalline environment).  Additionally, we suggested that some 

higher activation energy collective motions (represented by the Transverse-2 mode) may be 

impacted by the protein hydration shell.  Further characterizing the relationship between these 

protein motions and the surrounding solvent is required to definitively assign this motional mode 

to the particular physical processes occurring in the protein. 
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In globular proteins the timescales of protein motions associated with the solvent are 

highly impacted by the viscosity of the solvent as controlled by adding glycerol to the protein 

buffer.12  The impact of changes in solvent viscosity on protein motions could be monitored by 

site specific 15N R1 and R1ρ measurements. This would provide insight into whether the solvent 

effects on protein motions are localized to a small number of residues or if they collectively 

effect all loop regions and parts of the TM core.  Alternatively, changes in the timescale and 

activation energy of protein motions in the TM domains and loop regions arising from changes 

in the solvent viscosity could be monitored by bulk relaxation rates measurements over a broad 

temperature range using the previously proposed region-selective buffer deuteration methods.  

Further understanding of how the low activation energy motion is impacted by the solvent could 

have applications to Dynamic Nuclear Polarization (DNP) studies of membrane proteins.13–16  

The NMR signal enhancements aforded by DNP have so far been limited in studies of ASR and 

GPR in part due to the high bulk protein 1H R1 at 104 K.17,18 

 While the 3-site hopping motion of methyl and NH3
+ groups was identified in the bulk 

relaxation measurements of GPR in Chapter 4, the impact of the surrounding environment on the 

properties of these 3-site hopping motions could not be characterized.  First, methyl motions 

need to be better characterized in the PR-DMPC and PR-DOPE samples by measuring 

temperature dependent 13C R2 and R1ρ of methyl groups.  Additionally, the characterization of 

NH3
+ motions suffered from low S/N of the lysine side chain signals in the 15N R2 and R1ρ 

measurements and from insufficient sampling of the 15N R1 relaxation trajectory at high 

temperatures. Improvements to these measurements would improve the estimates of the 

activation energies of these motional processes.  Combining these improvements with the 
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previously proposed studies employing changes in solvent viscosity would additionally provide 

insights into the impact of the surrounding environment on the 3-site hopping motions of methyl 

and NH3
+ groups. 

The use of faster MAS rates of ~50 KHz or higher could substantially reduce the rate of 

spin diffusion in 13C R1 as well as 1H R1 measurements and reduce the coherent contributions to 

1H R2 measurements. While a probe capable of such spinning rates at temperatures of ~100 K is 

not yet widely available, it would likely enable a more detailed characterization of backbone and 

side chain 13C R1, 
1H R1 and 1H R2 rates.   

 Finally, while bulk measurements of temperature dependent relaxation rates and dipolar 

order parameters (see Chapter 4) provide a first overview of the protein energy landscape, they 

may not capture some of the functionally important motions which often involve small groups of 

residues.  To monitor dynamics on this scale, site specific resolution of these residues is required.  

This may be obtained by using multidimensional NMR spectroscopy.  However as was seen in 

Chapter 3 these strategies are experimentally time-consuming and is resolution-limited to 

temperatures above freezing.  Residue-specific isotopic labelling (reviewed by V. Higman19) is 

an alternative, albeit expensive, means to obtain site specific relaxation rate measurements using 

one dimensional spectroscopy and thus enabling their measurement over the large temperature 

range similar to that which was used in Chapter 4. In designing such studies appropriate attention 

must be given to selecting the best labelling strategy to enable site specific resolution of the 

residue(s) of interest. Of interest in GPR would be motions of residues on the cytoplasmic side 

which are thought to enable reprotonation of the proton donor.20–23  Of interest in ASR would be 

motions of residues on the cytoplasmic side which are thought to enable the binding and 
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disassociation of ASRT.24,25 Changes in the dynamics of these residues may depend on 

conditions in the surrounding environment such as lipid composition, solvent viscosity and ionic 

strength.  Understanding how these factors affect motions is important for understanding the 

proteins’ functional mechanisms and the photocycle turnover rates. 
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Appendix 1: Supporting Information for Chapter 3 

This appendix has been republished:  

Good, D.; Pham, C.; Jagas, J.; Lewandowski, J. R.; Ladizhansky, V. Solid-State NMR Provides 

Evidence for Small-Amplitude Slow Domain Motions in a Multispanning Transmembrane α-

Helical Protein. J. Am. Chem. Soc. 2017, 139 (27), 9246–9258. 

It is republished with permission from the American Chemical Society. The full text is available 

at  https://pubs.acs.org/doi/full/10.1021/jacs.7b03974.  Further permissions related to the 

material excerpted should be directed to the American Chemical Society. 

https://pubs.acs.org/doi/full/10.1021/jacs.7b03974
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A1.1  Materials and Methods 

 

Figure A1.1. Amino acid sequence and the topological model of ASR. Helices are shown as 

rectangles and are labelled A through G. Assigned residues at 7 °C are shown as blue and green 

circles; assigned residues at 30 °C are shown as green circles. The cytoplasmic side is on top. 
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A1.2  Estimation of the residual coherent contributions to the 15N R1ρ 

relaxation rates at fast MAS rates. 

 

 

Figure A1.2. Experimental 15N R1ρ trajectories measured in N-acetyl-[U-13C,15N-labeled]-Val-

Leu peptide at a spinning frequency of 50 kHz and at the magnetic field strength of 800 MHz.  

 

R1ρ relaxation rates measured in fully protonated samples may include coherent 

contributions from anisotropic interactions which are incompletely averaged by the fast (50-55 

kHz) magic angle spinning. To estimate an order of magnitude of the residual coherent effects, 

we measured 15N R1ρ relaxation rates in a model dipeptide N-Ac-[13C,15N-labeled]-Val-Leu 

(NAVL) , under typical experimental conditions which were used to measure relaxation rates in 

ASR at 7 °C (ωR/2π=50 kHz, 15N lock RF field ω1/2π=12 kHz). Previous multiple solid-state 
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NMR measurements (e.g., internuclear distance measurements) on NAVL2–6 indicate rigid 

peptide in which intermediate time scale motions are largely suppressed. Rotations of the methyl 

groups likely present in the peptide at the experimental temperatures are expected to occur on a 

fast time scale and would have minimal contributions to the R1ρ relaxation. Thus, we expect that 

R1ρ rates to be governed by the residual anisotropic interactions.  R1ρ rates in NAVL were 

determined to be ~0.23±0.09 s-1 and 0.42±0.13 s-1 (Figure A1.2) for valine and leucine, 

respectively, with both values being less than the lowest R1ρ rate of 0.60 s-1 measured in ASR for 

protonated amide nitrogen atoms.  

 

A1.3  Site-specific relaxation rates and order parameter measurements 
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Figure A1.3 (A-B) Representative NCA spectra collected on a 1,3-ASR sample and at 30 °C. 

(A) represents a starting point of the R1 relaxation trajectory (0 s delay); (B) corresponds to the 

30 s delay. (C-D) NCACB spectra collected at 30 °C, and representing two points of the R1ρ 

relaxation trajectories with the delay times of 0 s (C) and 300 ms (D). Negative peaks resulting 

from the double-quantum dipolar recoupling enhanced by amplitude modulation (DREAM)7,8 

mixing are shown in red.  

 

 

 

 

 

Table A1.1 Relaxation rates and order parameters measured at 7 °C and 30 °C 
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Residue  R1 @7°C,  

600MHz  

(s-1) 

R1 @7°C,  

800 MHz  

(s-1) 

R1ρ @7°C, 

800MHz 

(s1) 

𝑆𝑁𝐻
2 @7°C, 

600 MHz  

R1 @30°C,  

800 MHz 

(s-1) 

R1ρ @30°C, 

800 MHz 

(s-1) 

L7 0.0170 ± 0.0008 0.0175 ± 0.0010 3.8 ± 0.6 0.880 ± 0.013 0.0155 ± 0.0011 4.3 ± 0.6 

W9      5.0 ± 1.6 

I10      1.7 ± 0.8 

V12 
   

0.925 ± 0.033 0.0019 ± 0.0019 1.4 ± 0.4 

A13 0.0250 ± 0.0100 0.0105 ± 0.0013 2.0 ± 0.9 0.908 ± 0.021 0.0030 ± 0.0016 2.3 ± 0.5 

G14 0.0101 ± 0.0019 0.0040 ± 0.0030 
 

0.803 ± 0.016 0.0060 ± 0.0030  

M15 
  

0.5 ± 0.7 0.870 ± 0.022 0.0125 ± 0.0019 1.9 ± 0.7 

G18 
   

0.837 ± 0.029   

A19 0.0050 ± 0.0014 0.0040 ± 0.0040 2.4 ± 1.0 0.859 ± 0.019 0.0065 ± 0.0019  

L20 0.0120 ± 0.0006 0.0110 ± 0.0010 
 

0.867 ± 0.013 0.0105 ± 0.0010  

F22 0.0195 ± 0.0017 0.0100 ± 0.0020 
 

0.922 ± 0.029 0.0270 ± 0.010  

S24 
 

0.0130 ± 0.0020 
 

0.869 ± 0.026 0.0250 ± 0.003  

L25 0.0185 ± 0.0016 0.0275 ± 0.0020 
 

0.925 ± 0.021 0.0275 ± 0.0019  

N28 0.0400 ± 0.0070 0.0410 ± 0.0070 
 

0.867 ± 0.047 0.0580 ± 0.011  

P29 0.0190 ± 0.0040 0.0450 ± 0.0110 
 

 0.0200 ± 0.004  

V32 
 

0.0220 ± 0.0020 
 

   

P33 0.0200 ± 0.0040 0.0370 ± 0.0090 
 

 0.0280 ± 0.007  

E36 0.0460 ± 0.0050 0.0340 ± 0.0050 11.0 ± 2.0 0.774 ± 0.037 0.0420 ± 0.004  

M41 0.0120 ± 0.0020 0.0100 ± 0.0050 
 

0.783 ± 0.027 0.0180 ± 0.003  

I43 
   

1.065 ± 0.058 0.0060 ± 0.002  

P44 0.0006 ± 0.0009 0.0012 ± 0.0018 
 

 0.0030 ± 0.004 0.7 ± 0.6 

S47 0.0060 ± 0.0009 0.0055 ± 0.0011 1.0 ± 0.5 0.893 ± 0.017 0.0008 ± 0.0012 1.1 ± 0.4 

G48 0.0060 ± 0.0012 0.0030 ± 0.0020 
 

0.799 ± 0.011   

A50 
 

0.0070 ± 0.0013 
 

0.869 ± 0.015  1.1 ± 0.5 

Y51 0.0065 ± 0.0008 0.0060 ± 0.0010 
 

0.891 ± 0.019 0.0006 ± 0.0009  

M52 0.0065 ± 0.0019 0.0050 ± 0.0020 1.6 ± 0.5 0.878 ± 0.026 0.0065 ± 0.0018 1.8 ± 0.5 

A53 
  

1.9 ± 0.5 0.878 ± 0.017 0.0050 ± 0.0020 1.2 ± 0.6 

M54 0.0110 ± 0.0020 0.0150 ± 0.0020 3.7 ± 0.7 0.904 ± 0.032 0.0070 ± 0.0020 3.0 ± 0.7 

A55 0.0125 ± 0.0012 0.0135 ± 0.0016 2.7 ± 0.8 0.884 ± 0.017 0.0080 ± 0.0020 5.1 ± 1.2 

I56 0.0170 ± 0.0030 0.0060 ± 0.0040 7.0 ± 3.0 0.958 ± 0.047 0.0230 ± 0.0040  

G59 0.0320 ± 0.0050 0.0140 ± 0.0090 9.0 ± 3.0 0.789 ± 0.020 0.0290 ± 0.0070  

K60 0.0220 ± 0.0020 0.0250 ± 0.0030 5.3 ± 1.2 0.841 ± 0.015 0.0180 ± 0.0050 5.4 ± 1.9 

E62 0.0610 ± 0.0060 0.0430 ± 0.0060 25.0 ± 7.0 0.796 ± 0.032 0.0550 ± 0.0060  

A63 0.0650 ± 0.0040 0.0660 ± 0.0050 16.0 ± 4.0 0.810 ± 0.027 0.0610 ± 0.0140  

A64 0.0890 ± 0.0070 0.0670 ± 0.0070 15.0 ± 3.0 0.762 ± 0.028 0.0420 ± 0.0100 9.0 ± 3.0 

G65 0.0330 ± 0.0040 0.0270 ± 0.0070 33.0 ± 9.0 0.75 ± 0.024 0.0850 ± 0.0260 19.0 ± 14.0 

Q66 0.0370 ± 0.0030 0.0510 ± 0.0090 13.0 ± 3.0 0.832 ± 0.022 0.0630 ± 0.0120  

I67 0.0320 ± 0.0060 
  

0.806 ± 0.02 0.0740 ± 0.0320  
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A68 0.0330 ± 0.0030 0.0290 ± 0.0030 6.1 ± 1.6 0.878 ± 0.03 0.0340 ± 0.0080 9.0 ± 3.0 

H69 0.0070 ± 0.0020 0.0100 ± 0.0040 7.0 ± 2.0 0.817 ± 0.045 0.0110 ± 0.0050 7.0 ± 2.0 

A71 0.0110 ± 0.0012 0.0100 ± 0.0015 2.3 ± 0.6 0.903 ± 0.017 0.0070 ± 0.0020 1.0 ± 0.4 

R72 0.0061 ± 0.0018 0.0050 ± 0.0020 2.3 ± 0.7 0.903 ± 0.034 0.0050 ± 0.0016 1.7 ± 0.7 

Y73 0.0075 ± 0.0011 0.0045 ± 0.0014 1.2 ± 0.5 0.901 ± 0.019 0.0009 ± 0.0013 1.2 ± 0.3 

D75 0.0180 ± 0.0015 0.0105 ± 0.0017 
 

 0.0100 ± 0.0018 1.5 ± 0.7 

W76 
 

0.0070 ± 0.0030 
 

  1.0 ± 0.7 

M77 
  

1.1 ± 0.5 0.901 ± 0.032  1.4 ± 0.4 

V78 0.0030 ± 0.0015 0.0095 ± 0.0016 0.9 ± 0.5 0.931 ± 0.033 0.0014 ± 0.0018 0.9 ± 0.5 

T79 0.0040 ± 0.0016 0.0070 ± 0.0030 0.6 ± 0.4 0.821 ± 0.014 0.0008 ± 0.0011 1.3 ± 0.4 

T80 0.0076 ± 0.0019 0.0070 ± 0.0030 1.7 ± 0.5 0.941 ± 0.041 0.0065 ± 0.0020 0.8 ± 0.4 

P81 0.0009 ± 0.0013 0.0010 ± 0.0020 0.3 ± 0.5  0.0009 ± 0.0013 0.5 ± 0.6 

L82 0.0080 ± 0.0007 0.0050 ± 0.0010 
 

0.912 ± 0.015 0.0075 ± 0.0009  

L84      2.0 ± 0.4 

L85 
 

0.0115 ± 0.0011 
 

 0.0120 ± 0.0050 2.7 ± 0.6 

S86      1.1 ± 0.7 

S88 
 

0.0050 ± 0.0008 
 

   

T90      0.9 ± 0.4 

A91 0.0200 ± 0.0030 0.0110 ± 0.0020 3.1 ± 1.1 0.933 ± 0.033 0.0200 ± 0.0030 3.6 ± 1.2 

M92 0.0150 ± 0.0030 0.0140 ± 0.0050 0.9 ± 1.0  0.0190 ± 0.0060  

F94 0.0190 ± 0.0030 0.0210 ± 0.0050 
 

0.903 ± 0.036 0.0210 ± 0.0070  

I95 0.0190 ± 0.0030 0.0090 ± 0.0080 
 

0.81 ± 0.034 0.0230 ± 0.0060  

K96     0.0360 ± 0.0100  

T100 0.0230 ± 0.0060 0.0070 ± 0.0070 
 

   

I102 0.0125 ± 0.0017 0.0090 ± 0.0030 2.1 ± 0.9 0.904 ± 0.038 0.0160 ± 0.0020 3.1 ± 0.8 

G103 
   

0.848 ± 0.022   

F104 
 

0.0060 ± 0.0060 
 

 0.0120 ± 0.0080  

S107 0.0030 ± 0.0012 0.0065 ± 0.0015 3.5 ± 1.0 0.91 ± 0.027 0.0060 ± 0.0030 3.2 ± 1.0 

T108 0.0080 ± 0.0017 0.0022 ± 0.0019 
 

 0.0060 ± 0.0019  

Q109 
  

1.3 ± 0.5 0.878 ± 0.021 0.0140 ± 0.0020  

I110      7.0 ± 2.0 

V111      0.8 ± 0.7 

V112 0.0130 ± 0.0070 0.0085 ± 0.0018 1.7 ± 0.8 0.891 ± 0.03 0.0070 ± 0.0030 1.4 ± 0.6 

T114 0.0050 ± 0.0017 0.0060 ± 0.0030 
 

 0.0070 ± 0.0020  

S115 
 

0.0095 ± 0.0007 
 

0.885 ± 0.015   

G116 0.0070 ± 0.0013 0.0060 ± 0.0030 
 

 0.0040 ± 0.0020  

L117 0.0080 ± 0.0007 0.0095 ± 0.0010 1.9 ± 0.5 0.865 ± 0.013 0.0080 ± 0.0008  

I118 0.0070 ± 0.0020 0.0130 ± 0.0030 
 

 0.0180 ± 0.0070 3.7 ± 1.1 

A119      1.8 ± 0.9 

D120 0.0150 ± 0.0040 0.0020 ± 0.0030 1.7 ± 0.8 0.893 ± 0.045 0.0080 ± 0.0020 0.9 ± 0.6 

L121 0.0130 ± 0.0013 0.0095 ± 0.0018 5.2 ± 1.0 0.885 ± 0.024 0.0150 ± 0.0016 4.3 ± 1.1 
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S122 
   

0.872 ± 0.024 0.0130 ± 0.0040  

E123 
 

0.0170 ± 0.0100 
 

0.891 ± 0.059   

R124 0.0460 ± 0.0070 0.0310 ± 0.0060 
 

 0.0260 ± 0.0060  

D125 
 

0.0110 ± 0.0020 
 

   

W126 0.0250 ± 0.0020 0.0210 ± 0.0030 
 

0.835 ± 0.031 0.0230 ± 0.0050  

L130 0.0100 ± 0.0014 0.0080 ± 0.0018 
 

0.867 ± 0.026 0.0106 ± 0.0012  

W131 
  

2.2 ± 0.6 0.843 ± 0.018   

Y132 0.0085 ± 0.0008 0.0075 ± 0.0010 1.2 ± 0.4 0.878 ± 0.017  2.2 ± 0.4 

C134 
   

0.895 ± 0.021  1.3 ± 0.8 

G135 0.0070 ± 0.0009 0.0060 ± 0.0016 3.6 ± 0.9 0.814 ± 0.016   

V136      0.8 ± 0.6 

C137      2.2 ± 1.0 

A138      6.2 ± 1.8 

I142 0.0180 ± 0.0040 0.0080 ± 0.0040 
 

0.874 ± 0.026   

W144     0.0075 ± 0.0016  

G145 0.0080 ± 0.0030 0.0050 ± 0.0050 
 

0.835 ± 0.029 0.0260 ± 0.0100  

I146 0.0100 ± 0.0017 0.0030 ± 0.0030 4.0 ± 1.7 0.852 ± 0.018 0.0120 ± 0.0030  

N148 0.0210 ± 0.0020 0.0280 ± 0.0040 10.0 ± 3.0 0.863 ± 0.03 0.0200 ± 0.0050 9.3 ± 2.0 

P149 0.0020 ± 0.0020 0.0120 ± 0.0040 
 

 0.0080 ± 0.0030  

K153 0.0150 ± 0.0050 0.0070 ± 0.0010 
 

   

T154 0.0080 ± 0.0040 0.0190 ± 0.0080 
 

0.803 ± 0.043 0.033 0± 0.0090  

T156 0.0410 ± 0.0060 0.0520 ± 0.0120 
 

 0.0670 ± 0.0240  

Q157 
 

0.0310 ± 0.0060 
 

   

S158 0.0390 ± 0.0020 0.0320 ± 0.0030 
 

0.857 ± 0.026 0.0470 ± 0.0080  

S159 
   

0.787 ± 0.025 0.0430 ± 0.0050  

L161 0.0320 ± 0.0030 0.0340 ± 0.0050 
 

0.978 ± 0.053   

D166     0.0240 ± 0.0050  

K167     0.0200 ± 0.0110  

L168 0.0125 ± 0.0007 0.0115 ± 0.0009 
 

   

V169     0.0070 ± 0.0030  

T170 0.0090 ± 0.0020 0.0120 ± 0.0040 3.5 ± 1.5 0.841 ± 0.044 0.0090 ± 0.0030 1.8 ± 0.8 

Y171 0.0120 ± 0.0020 0.0050 ± 0.0020 1.6 ± 1.0 0.939 ± 0.035 0.0040 ± 0.0030 1.4 ± 0.8 

F172 
  

2.4 ± 1.2 0.927 ± 0.054   

T173 0.0090 ± 0.0011 0.0110 ± 0.0030 3.3 ± 1.0 1.059 ± 0.064 0.0060 ± 0.0020 1.9 ± 0.6 

I177 0.0140 ± 0.0030 0.0040 ± 0.0030 
 

0.835 ± 0.022 0.0120 ± 0.0030  

G178 0.0080 ± 0.0020 0.0070 ± 0.0040 2.7 ± 1.5 0.85 ± 0.024 0.0030 ± 0.0040 3.1 ± 1.4 

Y179 0.0099 ± 0.0016 0.0120 ± 0.0040 
 

0.835 ± 0.016 0.0080 ± 0.0040  

P180 0.0008 ± 0.0012 0.0010 ± 0.0020 
 

 0.0030 ± 0.0040  

I181 0.0120 ± 0.0020 0.0120 ± 0.0040 
 

 0.0050 ± 0.0040 4.3 ± 1.9 

V182 0.0075 ± 0.0013 0.0110 ± 0.0050 2.3 ± 0.6 0.876 ± 0.026  2.6 ± 0.6 

I184 0.0190 ± 0.0060 0.0170 ± 0.0080 
 

 0.0060 ± 0.0030 3.2 ± 1.1 
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I185 0.0100 ± 0.0030 0.0150 ± 0.0040 29.0 ± 13.0 0.854 ± 0.046 0.0250 ± 0.0040 3.4 ± 1.3 

G186 0.0020 ± 0.0040 0.0110 ± 0.0060 
 

0.835 ± 0.033 0.0100 ± 0.0090  

P187 0.0050 ± 0.0020 0.0050 ± 0.0040 
 

 0.0009 ± 0.0014  

S188 0.0140 ± 0.0030 0.0090 ± 0.0040 16.0 ± 5.0 0.891 ± 0.053 0.0090 ± 0.0080  

G189 0.0200 ± 0.0030 0.0160 ± 0.0050 12.0 ± 4.0 0.848 ± 0.024 0.0170 ± 0.0060 7.0 ± 2.0 

F190 0.0190 ± 0.0040 0.0180 ± 0.0050 
 

 0.0210 ± 0.0050  

G191 0.0430 ± 0.0050 0.0090 ± 0.0030 
 

0.859 ± 0.03   

I193 0.0360 ± 0.0060 0.0370 ± 0.0080 
 

0.815 ± 0.054 0.0350 ± 0.0070  

N194 0.0560 ± 0.0080 0.0310 ± 0.0090 
 

0.741 ± 0.041 0.0420 ± 0.0070  

Q195 0.0040 ± 0.0060 0.0120 ± 0.0050 11.0 ± 2.0 0.841 ± 0.05 0.0180 ± 0.0040  

D198 0.0175 ± 0.0012 0.0140 ± 0.0016 
 

0.826 ± 0.015 0.0160 ± 0.0030  

F202      3.9 ± 0.9 

L204 0.0106 ± 0.0008 0.0160 ± 0.0011 
 

 0.0135 ± 0.0007  

L205 0.0110 ± 0.0011 0.0100 ± 0.0016 
 

0.891 ± 0.023 0.0120 ± 0.0010  

P206 0.0060 ± 0.0040 0.0230 ± 0.0120 
 

 0.0030 ± 0.0030  

F207 
 

0.0080 ± 0.0009 
 

   

K210 0.0100 ± 0.0020 0.0080 ± 0.0050 
 

0.924 ± 0.025 0.0080 ± 0.0030  

G212 0.0070 ± 0.0020 0.0080 ± 0.0030 2.7 ± 1.7 0.96 ± 0.045 0.0110 ± 0.0070 1.3 ± 0.6 

F213 
   

0.797 ± 0.029   

L220 
   

0.867 ± 0.039   
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Figure A1.4 Backbone 15N R1 (A) and R1ρ (B) relaxation rates measured on a 800 MHz 

spectrometer at 7 °C (red squares) and 30 °C (black circles).  This is the same as Figure 3.9 

except only residues in the center and extracellular sides are shown. Relaxation rates of residues 

in the interhelical loops and on the cytoplasmic sides of TM helices (shown in grey) have been 

removed for clarity. Figure 3.9 represents the full version of this figure.   

   

Table A1.2. Average R1 relaxation rates for non-proline residues of helices and loops at fields of 

600 MHz and 800 MHz and temperatures of 7 °C and 30 °C.  

  R1 @7°C, 600 MHz 

(s-1) 

R1 @7°C, 800 MHz 

(s-1) 

R1 @30°C, 800 MHz 

(s-1) 

Helix A 0.015±0.002 0.012±0.001 0.014±0.001 

Loop AB 0.040±0.007 0.031±0.004 0.058±0.001 

Helix B 0.014±0.001 0.011±0.001 0.012±0.001 

Loop BC 0.039±0.001 0.034±0.002 0.045±0.004 

Helix C 0.009±0.001 0.008±0.001 0.007±0.001 

Loop CD 0.019±0.002 0.013±0.003 0.024±0.003 

Helix D 0.010±0.001 0.007±0.001 0.013±0.002 

Loop DE 0.030±0.004 0.017±0.003 0.018±0.003 

Helix E 0.014±0.001 0.012±0.001 0.017±0.002 

Loop EF 0.025±0.002 0.028±0.003 0.042±0.007 

Helix F 0.013±0.001 0.012±0.001 0.012±0.001 
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Loop FG 0.024±0.002 0.017±0.002 0.021±0.002 

Helix G 0.011±0.001 0.011±0.001 0.013±0.001 

 

Table A1.3 Average R1ρ relaxation rates for non-proline residues in the seven helices and loops 

at 800 MHz magnetic field and temperatures of 7 °C and 30 °C.  
 R1ρ @7°C, (s-1) R1ρ @30°C, (s-1) 

Helix A 2.2±0.4 2.8±0.4 

Loop AB N/A* N/A* 

Helix B 4.1±0.5 2.0±0.3 

Loop BC 13.6±1.3 9.0±3.0 

Helix C 1.5±0.2 1.45±0.15 

Loop CD 2.0±0.7 3.6±1.2** 

Helix D 2.5±0.3 2.9±0.4 

Loop DE 5.2±1.0** 4.2±1.1** 

Helix E 4.1±0.8 3.7±0.5 

Loop EF 10.0±3.0** 9.0±2.0** 

Helix F 2.6±0.5 2.6±0.4 

Loop FG 16.0±4.0 4.4±0.9 

Helix G 7.0±1.5 2.6±0.5 

Notes: *No residues detected in this region. **Single residue detected in this region. 
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A1.4  Simple Model Free Fit 

 For residues with at least 5 out of 6 experimentally measured 15N-1H dipolar 𝑆𝑁𝐻
2 , R1  at 

600MHz and 7 °C, R1  at 800MHz and 7 °C, R1ρ at 800 MHz and 7 °C , R1 at 800MHz and 

30 °C, and R1ρ at 800 MHz and 30 °C the best fit single motional order parameter 𝑆𝑒𝑓𝑓
2 , timescale 

τc,eff and activation energy Ea were determined by minimizing the following χ2 function: 

𝜒2 =
(𝑆𝑁𝐻,𝑒𝑥𝑝
2 −𝑆𝑒𝑓𝑓

2 )
2

𝜎𝑆,𝑁𝐻2
+
(𝑅1,600,𝑒𝑥𝑝−𝑅1,600,𝑏𝑐)

2

𝜎𝑅1,6002
+
(𝑅1,800,𝑒𝑥𝑝−𝑅1,800,𝑏𝑐)

2

𝜎𝑅1,8002
+
(𝑅1𝜌,7𝐶𝑒𝑥𝑝−𝑅1𝜌,7𝐶,𝑏𝑐)

2

𝜎𝑅1𝜌,7𝐶2
  +

(𝑅1,30𝐶,𝑒𝑥𝑝−𝑅1,30𝐶,𝑏𝑐)
2

𝜎𝑅1,30𝐶2
+ 

(𝑅1𝜌,30𝐶,𝑒𝑥𝑝−𝑅1𝜌,30𝐶,𝑏𝑐)
2

𝜎𝑅1𝜌,30𝐶2
         (A1.1)  

Here, σ denotes the experimental uncertainty in the measured values and the subscripts exp and 

bc denote the experimentally measured and back calculated values, respectively.  Back 

calculated relaxation rates were determined using Eqs. 3.1-3.7 from Chapter 3. The reduced χ2 

and the degrees of freedom (d.f.) are defined as 

𝜒2
𝑟𝑒𝑑𝑢𝑐𝑒𝑑

=
𝜒2

𝑑.𝑓.
                         (A1.2) 

𝑑. 𝑓. = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒𝑠 − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑡 𝑣𝑎𝑙𝑢𝑒𝑠 − 1 

We also calculate the Akaike’s Information Criterion (AIC),9 Bayesian Information 

Criterion (BIC)10 and corrected Akaike’s Information Criterion (AICc)11 which are defined with 

respect to the number of fit parameters k and the number of experimental data points included in 

the fit n.  These values are calculated for each residue (see Table A1.4) and to allow comparison 

to EMF they are calculated for each molecular fragment (see Table A1.6). 
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𝐴𝐼𝐶 = 𝜒2 + 2𝑘              (A1.3) 

𝐵𝐼𝐶 = 𝜒2 + 𝑘 ∙ ln (𝑛)          (A1.4)  

𝐴𝐼𝐶𝑐 = 𝐴𝐼𝐶 +
2𝑘(𝑘+1)

(𝑛−𝑘−1)
            (A1.5) 

 Uncertainties in the best fit parameters 𝑆𝑒𝑓𝑓
2 , τc,eff and Ea were determined by a Monte 

Carlo procedure. First, the best fit parameters were used to back calculate all experimental data. 

Gaussian distributed noise was then added to each of the back-calculated values for 5000 times, 

and the χ2 minimization was done for each iteration to determine the distribution of the fit 

parameters. 

Table A1.4 Summary of best fit SMF results 

Residue 

Number 
𝑆𝑒𝑓𝑓
2  τc,eff 

𝐸𝑎  (
𝑘𝐽

𝑚𝑜𝑙
) 

reduced 

χ2 

d.f. AIC BIC AICc 

L7 0.933 44ps 4.1 44.5 2 95.1 94.5 107.1 

A13 0.965 51ps 36.5 13.8 2 33.5 32.9 45.5 

A19 0.912 11ps 0.0 5.9 1 11.9 10.7 35.9 

E36 0.853 45ns 7.1 1.1 1 7.1 5.9 31.1 

S47 0.947 19ps 55.0 5.9 2 17.8 17.1 29.8 

M52 0.931 15ps 0.0 12.5 2 31.0 30.4 43.0 

M54 0.955 49ps 17.8 24.1 2 54.2 53.5 66.2 

A55 0.937 35ps 16.4 14.1 2 34.3 33.7 46.3 

I56 0.940 58ns 22.2 4.6 1 10.6 9.5 34.6 

G59 0.868 58ns 7.0 5 1 11.0 9.8 35.0 

K60 0.921 47ns 2.9 6.2 2 18.4 17.8 30.4 

E62 0.807 47ns 8.4 3.4 1 9.4 8.2 33.4 

A63 0.825 36ns 6.5 16.7 1 22.7 21.6 46.7 

A64 0.797 34ns 0.0 3.1 2 12.1 11.5 24.1 

G65 0.791 91ns 35.7 0.5 2 7.0 6.4 19.0 

Q66 0.865 52ns 25.0 9.8 1 15.8 14.6 39.8 

A68 0.905 40ns 5.8 2.9 2 11.7 11.1 23.7 

H69 0.947 89ns 8.0 2.7 2 11.3 10.7 23.3 

A71 0.960 45ps 13.1 11.2 2 28.4 27.8 40.4 
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R72 0.960 23ps 4.1 8.3 2 22.7 22.0 34.7 

Y73 0.956 25ps 56.0 10.6 2 27.2 26.6 39.2 

V78 0.977 46ps 42.4 7.2 2 20.4 19.7 32.4 

T79 0.871 6ps 52.4 6.6 2 19.2 18.6 31.2 

T80 0.982 72ps 4.5 7.2 2 20.3 19.7 32.3 

A91 0.948 40ns 10.8 1.5 2 9.1 8.4 21.1 

I102 0.936 34ps 0.0 11.4 2 28.9 28.3 40.9 

S107 0.960 20ps 0.0 13.3 2 32.6 32 44.6 

V112 0.946 27ps 8.5 5.1 2 16.2 15.5 28.2 

L117 0.917 18ps 3.0 15.4 1 21.4 20.2 45.4 

D120 0.980 66ps 0.0 7.5 2 21.0 20.3 33.0 

L121 0.931 32ps 0.0 23.9 2 53.7 53.1 65.7 

I146 0.952 70ns 15.7 8.6 1 14.6 13.4 38.6 

N148 0.903 61ns 3.8 5.7 2 17.5 16.8 29.5 

T170 0.893 15ps 2.3 5.4 2 16.8 16.2 28.8 

Y171 0.987 149ps 26.6 5.3 2 16.7 16.0 28.7 

T173 0.985 125ps 15.0 12.7 2 31.5 30.9 43.5 

G178 0.970 57ns 0.0 0.4 2 6.8 6.2 18.8 

I185 0.921 102ns 34.2 2.8 2 11.7 11.0 23.7 

S188 0.911 99ns 0.8 0.4 1 6.4 5.3 30.4 

G189 0.908 69ns 10.6 0.3 2 6.6 6.0 18.6 

G212 0.972 53ns 19.5 0.8 2 7.7 7.0 19.7 

 

Table A1.5. Summary of Monte Carlo SMF results 

All intervals are at a 95% confidence level. 
Residue 

Number 
𝑆𝑒𝑓𝑓
2  range τc,eff  range  𝐸𝑎  (

𝑘𝐽

𝑚𝑜𝑙
) 

L7 0.906 - 0.966 31- 98 ps 5±2 

A13 0.924 - 0.986 20 - 176 ps 40±21 

A19 0.974 - 0.847 6 - 21 ps <16 

E36 0.761 - 0.912 29 - 87 ps  <5  

0.829 - 0.881 39 - 57 ns 9±4 

S47 0.914 - 0.985 11 - 67 ps 65±35 

M52 0.876 - 0.980 7 - 69 ps <13 

M54 0.894 - 0.986 19 - 245 ps 20±11 

A55 0.903 - 0.980 22 - 124 ps 19±12 

I56 0.815 - 0.983 13 -186 ps,  <1  

0.919 - 0.975 27 - 98 ns 28±8 

G59 0.851 - 0.903 51- 87 ns 13±8 

K60 0.915 - 0.939 45 -  63 ns 8±6 

E62 0.748 - 0.865 34 -  69 ps <3 
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A63 0.774 - 0.869 43 -  81 ps <8 

A64 0.739 - 0.847 47 - 91 ps  8±5  

0.763 - 0.819 32 - 45 ns 3±3 

G65 0.766 - 0.840 85 - 138 ns 41±11 

Q66 0.860 - 0.903 51 - 76 ns 34±6 

A68 0.837 - 0.981 29 - 659 ps  <14  

0.889 - 0.921 38 - 53 ns 10±7 

H69 0.936 - 0.970 71 - 162 ns 12±11 

A71 0.925 - 0.986 24 - 180 ps 15±10 

R72 0.893 – 0.987 8 - 102 ps <18 

Y73 0.919 - 0.987 13- 97 ps 66±35 

V78 0.914 - 0.988 11 - 112 ps 54±37 

T79 0.843 - 0.901 3 - 11 ps 70±46 

T80 0.898 - 0.987 12 - 150 ps <18 

A91 0.870 - 0.971 22 - 126 ps  <8  

0.935 - 0.960 3 - 54 ns 11±6 

I102 0.860 - 0.981 16 - 159 ps <7 

S107 0.904 - 0.989 7- 77 ps <46 

V112 0.885 - 0.986 11 - 138 ps <30 

L117 0.893 - 0.944 13 - 27 ps 4±3 

D120 0.892 - 0.988 10 - 167 ps <16 

L121 0.883 - 0.975 18 -  97 ps <5 

I146 0.943 - 0.971 55 - 113 ns 23±9 

N148 0.889 - 0.929 57 -  90 ns 9±6 

T170 0.803 - 0.980 8 - 100 ps <19 

Y171 0.918 - 0.988 18 - 181 ps 32±28 

T173 0.862 - 0.986 11 - 157 ps 16±12 

G178 0.960 - 0.983 44 - 115 ns <18 

I185 0.901 - 0.948 69 - 216 ns 39±8 

S188 0.775 - 0.981 6 - 97 ps  <86  

0.888 - 0.946 76 - 163 ns <24 

G189 0.895 - 0.935 61 - 110 ns 16±8 

G212 0.870 - 0.991 7 - 115 ps  <85  

0.960 - 0.986 33 - 113 ns 22±15 

 

Table A1.6 Summary of SMF results by molecular fragment 

Molecular Fragment Degrees of 

freedom 

Reduced 

χ2 

AIC BIC AICc 

Helix A (L7-R27) 5 23.3 116.6 128.6 131.5 
Helix B (Q34-I56) 11 10.3 113.2 137.2 151.3 

BC loop (K60-A68) 11 2.3 25.2 49.2 63.4 
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Helix C (Y70-A91) 20 5.3 105.2 147.2 183.7 
Helix D (T100-L121) 14 8.7 122.4 152.4 173.4 
Helix E (D125-N148) 2 5.7 11.5 17.5 16.8 
Helix F (S159-I184) 11 4.3 47.8 71.8 85.9 
FG loop (I185-N194) 5 1.3 6.3 18.3 21.2 
Helix G (Q195-L221) 2 0.8 1.7 7.7 7 
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Figure A1.5 Representative histograms of the populations of 5000 Monte Carlo SMF fits for 

residues G14, A19, A68, H69, I185 and G189.  Histograms of the correlation time τc,eff are 

shown in the left column, histograms of order parameter 𝑆𝑒𝑓𝑓
2  are in the center column, and 

histograms of the activation energy Ea are shown in the right column. 
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A1.5  Modified Extended Model Free Fit  

In this modified EMF fit the spectral density function J(ω) is modelled assuming the 

presence of fast and slow motions where the fast motional parameters 𝑆𝑓,𝑙𝑜𝑐
2 , 𝜏𝑓,𝑙𝑜𝑐, and 𝐸𝑎,𝑙𝑜𝑐 

were defined locally for each residue and the slow motional parameters 𝑆𝑠,𝑐𝑜𝑙
2 , 𝜏𝑠,𝑐𝑜𝑙 and 𝐸𝑎,𝑐𝑜𝑙 

were defined globally for all residues within the given molecular fragment (7 helices, BC and FG 

loops). The modified EMF approach was used for residues with all six experimental 

measurements available (Table 3.1, Chapter 3): 15N-1H dipolar order parameters 𝑆𝑁𝐻
2 , R1 at 600 

MHz and 7 °C, R1 at 800 MHz and 7 °C, R1ρ at 800 MHz and 7 °C, R1 at 800 MHz and 30 °C, 

and R1ρ at 800 MHz and 30 °C. The best fit parameters were determined by minimizing χ2 for 

each of the nine fragments by using a grid search followed by steepest decent procedure:  

𝜒2 = ∑ [
(𝑆𝑁𝐻,𝑒𝑥𝑝,𝑖
2 −𝑆𝑓,𝑙𝑜𝑐,𝑖

2 𝑆𝑠,𝑐𝑜𝑙,𝑖
2 )

2

𝜎
𝑆𝑁𝐻
2 ,𝑖

2 +
(𝑅1,600,𝑒𝑥𝑝,𝑖−𝑅1,600,𝑏𝑐,𝑖)

2

𝜎𝑅1,600,𝑖
2 +

(𝑅1,800,𝑒𝑥𝑝,𝑖−𝑅1,800,𝑏𝑐,𝑖)
2

𝜎𝑅1,800,𝑖
2 +

𝑁1
𝑖=1

(𝑅1,30𝐶,𝑒𝑥𝑝,𝑖−𝑅1,30𝐶,𝑏𝑐,𝑖)
2

𝜎𝑅1,30𝐶,𝑖
2 +

(𝑅1𝜌,7𝐶,𝑒𝑥𝑝,𝑖−𝑅1𝜌,7𝐶,𝑏𝑐,𝑖)
2

𝜎𝑅1𝜌,7𝐶,𝑖
2 +

(𝑅1𝜌,30𝐶,𝑒𝑥𝑝,𝑖−𝑅1𝜌,30𝐶,𝑏𝑐,𝑖)
2

𝜎𝑅1𝜌,30𝐶,𝑖
2 ] ,       (A1.6) 

where relaxation rates are defined by Eqs 3.1-3.6 and 3.9 from Chapter 3. The summation 

extends over all residues with all 6 experimentally measured values available within a molecular 

fragment (N1). The reduced χ2 and the degrees of freedom (d.f.) are defined as 

𝜒2
𝑟𝑒𝑑𝑢𝑐𝑒𝑑

=
𝜒2

𝑑.𝑓.
,                              (A1.7) 

𝑑. 𝑓. = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒𝑠 − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑡 𝑣𝑎𝑙𝑢𝑒𝑠 − 1   

= (6 ∙ 𝑁1) − (3 ∙ 𝑁1 + 3) − 1 = 3 ∙ 𝑁1 − 4.                    (A1.8) 
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Uncertainties in the best fit parameters 𝑆𝑓,𝑙𝑜𝑐
2 , 𝑆𝑠,𝑐𝑜𝑙

2 , 𝜏𝑓,𝑙𝑜𝑐, 𝜏𝑠,𝑐𝑜𝑙, 𝐸𝑎,𝑙𝑜𝑐 and 𝐸𝑎,𝑐𝑜𝑙 were 

determined by the Monte Carlo procedure.  First, the best fit parameters were used to back 

calculate experimental data. Gaussian distributed noise was then added to each of the back-

calculated values for 1000 iterations, and the χ2 minimization was done for each iteration to 

determine the distribution of the fit parameters. 

 

Table A1.7 Summary of EMF results by molecular fragment 

Molecular Fragment Degrees of 

freedom 

Reduced 

χ2 

AIC BIC AICc 

Helix A (L7-R27) 2 6.3 30.5 35.0 120.5 

Helix B (Q34-I56) 8 3.6 59.0 76.6 119.0 

BC loop (K60-A68) 8 4.0 61.9 79.6 121.9 

Helix C (Y70-A91) 17 2.2 85.5 127.2 156.0 

Helix D (T100-L121) 11 3.6 76.0 101.3 138.2 

Helix E (D125-N148) 0 n/a n/a n/a n/a 

Helix F (S159-I184) 8 1.7 43.4 61.1 103.5 

FG loop (I185-N194) 2 3.3 24.8 29.1 114.8 

Helix G (Q195-L221) 0 n/a n/a n/a n/a 

 

 

Table A1.8 Summary of Best Fit EMF results by residue. 

Residue 

Number 
𝑆𝑠,𝑐𝑜𝑙
2  𝜏𝑠,𝑐𝑜𝑙 (ns) 𝑆𝑓,𝑙𝑜𝑐

2  𝜏𝑓,𝑙𝑜𝑐 (ps)  
𝐸𝑎,𝑐𝑜𝑙(

𝑘𝐽

𝑚𝑜𝑙
) 𝐸𝑎,𝑙𝑜𝑐(

𝑘𝐽

𝑚𝑜𝑙
) 

L7 0.980 105 0.952 55 2 4 

A13 0.980 105 0.973 56 2 43 

S47 0.990 123 0.951 17 4 49 

M52 0.990 123 0.951 18 4 0 

M54 0.990 123 0.970 67 4 20 

A55 0.990 123 0.949 40 4 16 

K60 0.953 90 0.931 40 0 8 

A64 0.953 90 0.868 105 0 23 

G65 0.953 90 0.838 28 0 0 

A68 0.953 90 0.970 190 0 0 
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A71 0.996 231 0.964 50 8 15 

R72 0.996 231 0.970 30 8 4 

Y73 0.996 231 0.959 26 8 45 

V78 0.996 231 0.969 31 8 36 

T79 0.996 231 0.874 6 8 43 

T80 0.996 231 0.990 146 8 4 

A91 0.996 231 0.989 543 8 0 

I102 0.978 77 0.970 51 14 0 

S107 0.978 77 0.990 14 14 0 

V112 0.978 77 0.968 31 14 28 

D120 0.978 77 0.951 11 14 0 

L121 0.978 77 0.970 51 14 0 

T170 0.996 433 0.893 14 12 0 

Y171 0.996 433 0.990 247 12 36 

T173 0.996 433 0.991 247 12 20 

G178 0.996 433 0.931 18 12 28 

I185 0.941 144 0.970 39 38 0 

G189 0.941 144 0.951 51 38 36 

 

Table A1.9 Summary of Monte Carlo EMF results by residue.  

All intervals are given at a 95% confidence level. 

Residue 

Number 
𝑆𝑠,𝑐𝑜𝑙
2  𝜏𝑠,𝑐𝑜𝑙 (ns) 𝑆𝑓,𝑙𝑜𝑐

2  𝜏𝑓,𝑙𝑜𝑐 (ps)  
𝐸𝑎,𝑐𝑜𝑙(

𝑘𝐽

𝑚𝑜𝑙
) 𝐸𝑎,𝑙𝑜𝑐(

𝑘𝐽

𝑚𝑜𝑙
) 

L7 0.970 - 0.992 66 - 231 0.920 - 0.974 34 - 115 <7 4 ± 3 

A13 0.970 - 0.992 66 - 231 0.930 - 0.990 19 - 209 <7 37 ± 10 

S47 0.982 - 0.996 66 - 270 0.912 - 0.984 7 -  51 5 ± 5 38 ± 13 

M52 0.982 - 0.996 66 - 270 0.893 - 0.990 6 - 67 5 ± 5 <15 

M54 0.982 - 0.996 66 - 270 0.896 - 0.990 18 -  250 5 ± 5 21 ± 11 

A55 0.982 - 0.996 66 - 270 0.912 - 0.977 23 -  96 5 ± 5 18 ± 10 

K60 0.943 - 0.964 66 - 144 0.893 - 0.968 24 -  86 <9 13 ± 13 

A64 0.943 - 0.964 66 - 144 0.803 - 0.927 64 - 287 <9 26 ± 9 

G65 0.943 - 0.964 66 - 144 0.784 - 0.894 18 - 48 <9 <27 

A68 0.943 - 0.964 66 - 144 0.906 - 0.989 46 - 707 <9 <19 

A71 0.990 - 0.996 90 - 316 0.930 - 0.989 23- 186 9 ± 6 16 ± 10 

R72 0.990 - 0.996 90 - 316 0.895 - 0.991 8 - 113 9 ± 6 7 ± 10 

Y73 0.990 - 0.996 90 - 316 0.925 - 0.990 11 - 95 9 ± 6 39 ± 12 

V78 0.990 - 0.996 90 - 316 0.908 - 0.991 8 - 121 9 ± 6 30 ± 14 

T79 0.990 - 0.996 90 - 316 0.842 - 0.905 2 - 10 9 ± 6 39 ± 19 

T80 0.990 - 0.996 90 - 316 0.936 - 0.991 18 - 247 9 ± 6 <18 

A91 0.990 - 0.996 90 - 316 0.934 - 0.991 42 - 918 9 ± 6 <13 

I102 0.974 - 0.990 66 - 169 0.893 - 0.990 14 -  196 17 ± 7 <10 
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S107 0.974 - 0.990 66 - 169 0.931 - 0.992 3 -  52 17 ± 7 <33 

V112 0.974 - 0.990 66 - 169 0.900 - 0.991 8 - 129 17 ± 7 24 ± 16 

D120 0.974 - 0.990 66 - 169 0.857 - 0.990 2 - 42 17 ± 7 <26 

L121 0.974 - 0.990 66 - 169 0.914 - 0.990 19 -  193 17 ± 7 <8 

T170 0.988 - 0.996 169 - 593 0.802 - 0.971 6 -  52 14 ± 9 <17 

Y171 0.988 - 0.996 169 - 593 0.940 - 0.990 26 -  321 14 ± 9 28 ± 13 

T173 0.988 - 0.996 169 - 593 0.906 - 0.991 16 - 321 14 ± 9 18 ± 12 

G178 0.988 - 0.996 169 - 593 0.748 - 0.988 4 -  70 14 ± 9 26 ± 17 

I185 0.931 - 0.953 90 - 231 0.874 - 0.991 8 -  147 40 ± 9 <19 

G189 0.931 - 0.953 90 - 231 0.894 - 0.988 19 -  189 40 ± 9 30 ± 15 
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Figure A1.6. Representative histograms of the population of all 6 fit parameters (𝑆𝑠,𝑐𝑜𝑙
2 , 𝑆𝑓,𝑙𝑜𝑐

2 , 

𝜏𝑠,𝑐𝑜𝑙, 𝜏𝑓,𝑙𝑜𝑐, 𝐸𝑎,𝑐𝑜𝑙 and 𝐸𝑎,𝑙𝑜𝑐) from 1000 Monte Carlo EMF fits for residues I102 and I185. 

 

Table A1.10 Summary of MF-3DGAF results by molecular fragment* 
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Molecular Fragment Data 

points 

Fit 

parameters 

χ2 AIC BIC AICc 

Helix A (L7-R27) 13 13 3.7 29.7 37.0 n/a 

Helix B (Q34-I56) 27 19 17.3 55.3 80.0 163.9 

BC loop (K60-A68) 28 19 17.5 55.5 80.8 150.5 

Helix C (Y70-A91) 45 28 40.0 96.0 146.6 197.5 

Helix D (T100-L121) 30 22 20.94 20.9 95.8 165.5 

Helix E (D125-N148) n/a n/a n/a n/a n/a n/a 

Helix F (S159-I184) 25 19 10.4 48.4 71.5 200.4 

FG loop (I185-N194) 13 13 4.3 30.3 37.6 n/a 

Helix G (Q195-L221) n/a n/a n/a n/a n/a n/a 

*NCO dipolar order parameters were used, where available12 as additional experimental 

restraints in the fit compared to EMF results in Table S6. 

 

Table A1.11 Summary of MF-3DGAF by residue.  
Residue 

Number 
α() β() γ() () () 

𝜏𝑠,280𝐾 

(ns) 
𝑆𝑓,𝑙𝑜𝑐
2  

𝜏𝑓,280𝐾 

(ps) 
𝐸𝑎,𝑐𝑜𝑙(

𝑘𝐽

𝑚𝑜𝑙
) 𝐸𝑎,𝑙𝑜𝑐(

𝑘𝐽

𝑚𝑜𝑙
) 

L7 0.0 2.3 4.4 -55.1 -0.1 148 0.95 54 0 0 

A13 0.0 2.3 4.4 -55.1 -0.1 148 0.97 58 0 0.8 

S47 0.7 0.0 18.6 55.0 -15.6 192 0.95 18.6 2.6 2.8 

M52 0.7 0.0 18.6 55.0 -15.6 192 0.93 13.4 2.6 8.4 

M54 0.7 0.0 18.6 55.0 -15.6 192 0.99 765 2.6 0 

A55 0.7 0.0 18.6 55.0 -15.6 192 0.95 40.3 2.6 0 

K60 0.0 5.2 11.7 -30.4 36.2 73 0.94 43.7 6.2 0 

A64 0.0 5.2 11.7 -30.4 36.2 73 0.93 179 6.2 9.8 

G65 0.0 5.2 11.7 -30.4 36.2 73 0.84 24.3 6.2 7.5 

A68 0.0 5.2 11.7 -30.4 36.2 73 0.99 1000 6.2 5.4 

A71 4.3 0.0 0.0 -70.7 6.5 65 0.97 51.4 11.8 6.1 

R72 4.3 0.0 0.0 -70.7 6.5 65 0.96 11.5 11.8 18.6 

Y73 4.3 0.0 0.0 -70.7 6.5 65 0.97 19.2 11.8 37.2 

V78 4.3 0.0 0.0 -70.7 6.5 65 0.97 36.5 11.8 0 

T79 4.3 0.0 0.0 -70.7 6.5 65 0.88 4.3 11.8 0 

T80 4.3 0.0 0.0 -70.7 6.5 65 1.00 787 11.8 12.6 

A91 4.3 0.0 0.0 -70.7 6.5 65 0.98 25.5 11.8 20.1 

I102 0.0 5.8 0.0 -74.7 54.3 133 0.99 210 6.0 13.0 

S107 0.0 5.8 0.0 -74.7 54.3 133 1.00 773 6.0 0 

V112 0.0 5.8 0.0 -74.7 54.3 133 0.95 27.4 6.0 1.7 

D120 0.0 5.8 0.0 -74.7 54.3 133 0.94 15.8 6.0 48.2 

L121 0.0 5.8 0.0 -74.7 54.3 133 0.99 179 6.0 11.5 

T170 1.6 0.0 12.0 62.5 -17.1 482 0.90 16.4 11.4 0 

Y171 1.6 0.0 12.0 62.5 -17.1 482 0.99 237 11.4 25.3 
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T173 1.6 0.0 12.0 62.5 -17.1 482 1.00 888 11.4 0 

G178 1.6 0.0 12.0 62.5 -17.1 482 0.91 13.8 11.4 4.6 

I185 18.6 0.0 0.0 -62.6 -7.8 131 0.93 19.2 23.0 0 

G189 18.6 0.0 0.0 -62.6 -7.8 131 0.97 72.3 23.0 23.5 
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A2.1  NMR Experiments  

Table A2.1. List of 15N, 13C and 1H bulk relaxation measurements performed over a temperature 

range of 104 K to 289 K  

Relaxation 

Rate 

1D NMR detection Spectrally distinct regions 

15N R1 
15N following 1H/15N CP Backbone amide, sidechains of Lys 

and Arg 
13C R1 

13C following 1H/13C CP 13C bulk 
1H R1 

15N following 1H/15N CP 1H bulk 
1H R1

 1H direct detection 1H H2O
 

13Cα R1ρ 
13C following 1H/15N/13Cα double CP 13Cα

 

13C' R1ρ
 13C following 1H/15N/13C' double CP 13C' 

15N R2 
15N following 1H/15N CP Backbone amide, sidechains of Lys 

and Arg 

13Cα R2 
13C following 1H/15N/13Cα double CP 13Cα

 

13C' R2
 13C following 1H/15N13/C' double CP 13C' 

 

Hard pulses were applied at 96 kHz (proton), 62.5 kHz (carbon) and 29 kHz (nitrogen). 

Nitrogen and carbon power levels during 1H/15N and 1H/13C cross polarization (CP)1 were 29 and 

62.5 kHz, respectively, and the corresponding proton power levels were ramped by 10% around 

n=1 Hartmann Hahn2 matching condition. 15N/13C CP was performed with nitrogen power 

corresponding to 29 kHz and with 13C power level ramped linearly by 20% around the n=1 

Hartmann Hahn matching condition. 13C spinlock power in R1 measurements was 62 kHz. 

Proton decoupling during acquisition was performed using SPINAL-643 at a power level of 96 

kHz.   Continuous wave decoupling during the echo period in carbon and nitrogen R2 

measurement was 96 kHz.  
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Figure A2.1. (A) 1H R1 measurement using a saturation recovery method followed by 1H/15N 

CP.  1D 15N spectra were recorded as a function of recovery time τ which was set to 1ms, 100ms, 

300ms, 500ms, 800ms, 1s, 2s and 5s. The following phases were used: f1=y, -y; f2=x; f3=x, x, -x, 

-x, y, y, -y, -y; and frec=x, -x, -x, x, y, -y, -y, y.  (B) 15N/13C R1 measurements with 1D 1H-15N/13C 

spectra acquired as a function of the relaxation delay time τ which was set to 1s, 2s, 3s, 5s, 

8s, 10s, 20s, 30s, 45s and 60s for 15N and 200ms, 500ms, 1s, 2s, 5s and 10s for 13C. The 

following phases were used: f1=x, x, -x, -x; f2= y; f3=y; f4=x, x, x, x, -x, -x, -x, -x; f5=x, -x, x, -x, x, 

-x, x, -x; and frec=y, -y, -y, y, -y, y, y, -y. (C) 13C R1ρ measurements. 1D spectra were recorded as a 

function of a spinlock time τ which was set to 200µs, 500µs, 1ms, 2ms, 3ms, 5ms, 8ms and 12ms 

for 15N and to 200µs, 500µs, 1ms, 1.5ms, 2ms, 3ms, 5ms and 8ms for 13C. (D) and (E) R2 

measurements of 13C and 15N respectively. 1D spectra were recorded as a function of relaxation 

relay time τ which was set to 250µs, 1ms, 1.5ms, 2ms, 3ms, 6ms, 10ms and 16ms for 15N and 

250µs, 500µs, 1ms, 1.5ms, 2ms, 3ms, 6ms and 10ms for 13C. The following phases were used for 

all 15N R2 measurements f1=y, -y; f2= x, x, y, y, -x, -x, -y, -y; f3=x; frec=x, -x, -x, x, y, -y,-y, y. The 

following phases were used for all 13C R1ρ and R2 measurements f1=x; f2=-y; f3=x, -x ; f4=x; f5=x, 

x, y, y, -x, -x, -y, -y; frec=x, -x, y, -y, -x, x, -y, y.   
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Figure A2.2. Representative one-dimensional spectra of GPR with spectral regions that serve as 

reporters on specific interactions.  (A) CPMAS 13C spectrum; (B) CPMAS 15N spectrum; (C) 

Double CP NCA 13C spectrum; (D) Double CP NCO 13C spectrum; (E) 1H spectrum of PR-

DMPC sample; (F) 1H spectrum of PR-DOPE sample. The large proton peak at ~0.3 ppm in E 

and F is from the silica plug used to seal the MAS rotors.  At lower temperatures the water peak 

in both samples, the 1Hγ peak in PR-DMPC and 1H lipid tail peak in PR-DOPE broaden and 

become undetectable at temperatures below ~230 K, ~190 K and ~240 K respectively.  

Data Analysis 
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Carbon or nitrogen detected 1H R1 saturation recovery experiment was modelled using 

the following exponential equation: 

𝑆(𝑡) = 𝐴 ∙ (1 − 𝑒−𝑅1∙𝑡).        (A2.1) 

The signal from the direct proton detected 1H R1 inversion recovery experiment was 

modelled as 

𝑆(𝑡) = 𝐴 ∙ (1 − 𝐵𝑒−𝑅1∙𝑡)        (A2.2) 

The signal decays in all 15N and 13C R1ρ and R2 measurements, as well as13C R1 signal 

relaxation experiments (Figure 4.2) were modeled as a single relaxation decay 

𝑆(𝑡) = 𝐴 ∙ 𝑒−𝑅𝑋∙𝑡         (A2.3) 

where RX denotes a corresponding relaxation rate, R1, R1ρ, or R2.  

The longitudinal 15N R1 signal relaxation was modelled as a biexponential decay using the 

following equation: 

𝑆(𝑡) = 𝐴 ∙ (𝑓𝐴 ∙ 𝑒
−𝑅1𝐴∙𝑡 + (1 − 𝑓𝐴) ∙ 𝑒

−𝑅1𝐵∙𝑡).     (A2.4) 

Here, fA,  fB=1 – fA denote relative populations of spin moieties that relax with relaxation rates 

R1A and R1B, respectively. As discussed in the results in Chapter 4.3, the two distinct fast and 

slowly relaxing populations result from the loop and transmembrane regions of the protein. In 

Figure A2.3 we compare the best fit single exponential and biexponential fits of the 15N 

relaxation trajectories to show that indeed we observe biexponential relaxation. 
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Figure A2.3. Representative 15N R1 relaxation trajectories and the corresponding best fit single 

exponential (gray) and biexponential (red) fits at 104 K in PR-DMPC (A) and PR-DOPE (B), 

and at 289 K in PR-DMPC (C) and PR-DOPE (D).  

 

A2.2  Uncertainties in Relaxation Rates 

The uncertainty in the best fit average relaxation rates are primarily related to spectral 

noise which was estimated using a Monte Carlo approach with an in-house program. Gaussian-

distributed random noise with a width determined by the experimental root-mean-square noise 

was added to the best fit theoretical signal to produce an array of 5000 simulated signals. The 

simulated signals were refit to theoretical models to determine the distribution of the fit 

parameters that result from random spectral noise. Systematic uncertainties in the R1ρ and R2 

relaxation rates due to the possible variation of 1H CW decoupling or 13C spinlock power levels 
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were estimated to be less than the uncertainty in the relaxation rate from spectral noise. 

Relaxation rate uncertainties in graphs are reported at the 95% confidence level. 

 

 

 

 

 

 

A2.3  Model Free Formalism 

Table A2.2. Summary of coupling constants used in simulations of relaxation rates.  

Parameter Value Distances 

(dipolar couplings) 

𝛿𝑁𝐻 11.5 kHz 𝑟𝑁𝐻 = 1.02 Å 

𝛿𝐶𝑆𝐴,𝑁 -109 ppm10  

𝛿𝐶𝛼𝐻 21.5 kHz 𝑟𝐶𝛼𝐻 = 1.12 Å 

𝛿𝐶𝑆𝐴,𝐶𝛼 -26.0 ppm11  

𝛿𝐶𝑆𝐴,𝐶′ -79.3 ppm10  

𝛿𝐶′𝑁 1.3 kHz 𝑟𝐶′𝑁 = 1.33 Å
12 

𝛿𝐶𝛼𝐶′ 2.1 kHz 𝑟𝐶𝛼𝐶′ = 1.53 Å
12 

𝜔𝐶′ − 𝜔𝐶𝛼 18.1 kHz  

𝛿𝐶𝛼𝑁 0.98 kHz 𝑟𝐶𝛼𝑁 = 1.46 Å
12 

𝛿𝐶𝛼𝐶𝛽 2.2 kHz 𝑟𝐶𝛼𝐶𝛽 = 1.51 Å.12 

𝜔𝐶𝛽 − 𝜔𝐶𝛼 3.8 kHz  

𝛿𝐶′𝐻𝑒𝑓𝑓 5.0 kHz 𝑟𝐶′𝐻𝑒𝑓𝑓 = 1.82 Å 13,14 
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The full equations for the R1ρ and R2 relaxation rates are summarized by Schanda and 

Ernst,7 and are used here with several modifications to account for our experimental conditions. 

We assume continuous-wave (CW) proton decoupling applied during the transverse evolution in 

R2 relaxation measurements8; Rcoherent terms describe contributions to the signal dephasing due to 

incomplete decoupling 

𝑅1𝜌
𝑋 = 𝑅1𝜌,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝑋 + 𝑅1𝜌,𝑑𝑖𝑝𝑜𝑙𝑎𝑟
𝑋𝐻 + ∑ 𝑅1𝜌,𝑑𝑖𝑝𝑜𝑙𝑎𝑟

𝑋𝑌
𝑌≠𝐻 + 𝑅1𝜌,𝐶𝑆𝐴

𝑋     (A2.5) 

𝑅2
𝑋 = 𝑅2,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝑋 + 𝑅2,𝑑𝑖𝑝𝑜𝑙𝑎𝑟
𝑋𝐻 + ∑ 𝑅2,𝑑𝑖𝑝𝑜𝑙𝑎𝑟

𝑋𝑌
𝑌≠𝐻 + 𝑅2,𝐶𝑆𝐴

𝑋      (A2.6) 

Here, X=Cα,C’,N for alpha carbon, carbonyl or nitrogen, respectively, and summations are 

extended over all atoms Y that are coupled through-space to the observed nuclear spin X.  

The individual contributions to the R1ρ and R2 rates  are given as7,9 

𝑅1𝜌,𝑑𝑖𝑝𝑜𝑙𝑎𝑟
𝑋𝐻 =

𝛿𝑋𝐻
2

4
(

1

2
𝐽(𝜔𝐻 − 𝜔𝑋) +

3

2
𝐽(𝜔𝑋) + 3𝐽(𝜔𝐻 + 𝜔𝑋) + 3𝐽(𝜔𝑋) +

+
1

3
𝐽(𝜔1 − 2𝜔𝑟) +

2

3
𝐽(𝜔1 − 𝜔𝑟) +

2

3
𝐽(𝜔1 + 𝜔𝑟) +

1

3
𝐽(𝜔1 + 2𝜔𝑟)

) (A2.7) 

𝑅1𝜌,𝑑𝑖𝑝𝑜𝑙𝑎𝑟
𝑋𝑌 =

𝛿𝑋𝑌
2

4
(

1

2
𝐽(𝜔𝑌 − 𝜔𝑋 , 𝜔1, 𝜔𝑟 ) +

3

2
𝐽(𝜔𝑋) + 3𝐽(𝜔𝑌 + 𝜔𝑋) + 3𝐽(𝜔𝑌) +

+
1

3
𝐽(𝜔1 − 2𝜔𝑟) +

2

3
𝐽(𝜔1 − 𝜔𝑟) +

2

3
𝐽(𝜔1 + 𝜔𝑟) +

1

3
𝐽(𝜔1 + 2𝜔𝑟)

) (A2.8) 

𝑅1𝜌,𝐶𝑆𝐴
𝑋 = (𝛿𝐶𝑆𝐴,𝑋𝜔𝑋)

2
(

3

8
𝐽(𝜔𝑋) +

1

12
𝐽(𝜔1 − 2𝜔𝑟) +

1

6
𝐽(𝜔1 − 𝜔𝑟) +

1

6
𝐽(𝜔1 + 𝜔𝑟) +

1

12
𝐽(𝜔1 + 2𝜔𝑟)

)  (A2.9) 



 

 

198 

 

𝑅2,𝑑𝑖𝑝𝑜𝑙𝑎𝑟
𝑋𝐻 =

𝛿𝑋𝐻
2

4

(

 
 
 

1

2
𝐽(𝜔𝐻 − 𝜔𝑋) +

3

2
𝐽(𝜔𝑋) + 3𝐽(𝜔𝐻 + 𝜔𝑋) +

+3𝐽(𝜔𝐻) +
1

3
𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 + 2𝜔𝑟) +

+
2

3
𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 + 𝜔𝑟) +

2

3
𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 − 𝜔𝑟) +

+
1

3
𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 − 2𝜔𝑟) )

 
 
 

  (A2.10) 

𝑅2,𝑑𝑖𝑝𝑜𝑙𝑎𝑟
𝑋𝑌 =

𝛿𝑋𝑌
2

4
(

1

2
𝐽(𝜔𝑌 − 𝜔𝑋 , 𝜔𝑟) +

3

2
𝐽(𝜔𝑋) + 3𝐽(𝜔𝑌 + 𝜔𝑋) +

+3𝐽(𝜔𝑌) +
2

3
𝐽(2𝜔𝑟) +

4

3
𝐽(𝜔𝑟)

)   (A2.11) 

𝑅2,𝐶𝑆𝐴
𝑋 = (𝛿𝐶𝑆𝐴,𝑋𝜔𝑋)

2
(
3

8
𝐽(𝜔𝑋) +

1

8
𝐽(2𝜔𝑟) +

1

4
𝐽(𝜔𝑟)).     (A2.12) 

The coherent contributions to the various R1ρ and R2 relaxation rates detected 

experimentally are on the order of 10 s-1 or 100 s-1, and are the dominant terms in the Eqs. A2.5-

A2.6 under most experimental conditions. The stochastic contributions can be detected only 

when they become comparable to the coherent terms which, in Eq. A2.7 to A2.12, occurs when 

the terms containing the spectral density function, 𝐽(𝜔),  sampled at various frequencies 𝜔 are 

near their maximum value.  The maximum value of the spectral density function 𝐽(𝜔) as a 

function of 𝜏𝑐 is known to be 1 2𝜔⁄  and occurs when the timescale of motion, 𝜏𝑐, is equal to 1 𝜔⁄ . 

As the maximum of the spectral density function is inversely related to the frequency sampled 

therefore, one can neglect all the spectral density terms sampled at high frequencies, and retain 

the terms at the lowest frequencies 𝜔1 ±𝑚 ∙ 𝜔𝑟,  𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 ±𝑚 ∙ 𝜔𝑟 or 𝑚 ∙ 𝜔𝑟 (m=1 or 2). 

Additionally, under our experimental conditions,  the spinlock power of 62.5 kHz in carbon R1  

measurements and the proton decoupling field of 96 kHz in all R2 measurements are much 
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greater than the spinning frequency  of 8 kHz, thereby allowing us to approximate 

𝐽(𝜔1 ±𝑚 ∙ 𝜔𝑟) and 𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 ±𝑚 ∙ 𝜔𝑟)  with 𝐽(𝜔1)  and 𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔), respectively.   

The contributions from the homonuclear dipolar contributions (e.g., C-C, C’-C) may 

contribute to slow relaxation at low frequencies. The corresponding 𝐽(𝜔𝑌 − 𝜔𝑋 , 𝜔𝑟 ) spectral 

density contribution terms to the transverse relaxation (Eq. A2.11)  are sampled at frequencies of  

𝜔𝑌 − 𝜔𝑋 ±𝑚 ∙ 𝜔𝑟 where m=1, 2, whereas the 𝐽(𝜔𝑌 − 𝜔𝑋 , 𝜔1, 𝜔𝑟 ) contributions to the rotating 

frame relaxation (Eq. A2.8)  are sampled at 𝜔𝑌 − 𝜔𝑋 ± 𝑛 ∙ 𝜔1 ±𝑚 ∙ 𝜔𝑟 where n=0,1,2 and 

m=1,2. Because of the relative magnitude of the dipolar couplings, the significance of these 

contributions is limited to slow dynamics. We therefore only consider the leading term n=0. 

Under this condition, the  contribution from homonuclear couplings can be approximated as:7 

𝐽(𝜔𝑌 − 𝜔𝑋 , 𝜔𝑟) ≈ ∑
1

3|𝑚|
𝐽(𝜔𝑌 − 𝜔𝑋 +𝑚𝜔𝑟)

+2
𝑚=−2 , 𝑚 ≠ 0     (A2.13) 

Furthermore, taking into account the relative strengths of dipolar couplings and chemical 

shift anisotropies summarized in Table A2.2, we arrive at the following simplified set of 

equations: 

𝑅2
𝑁 ≈ 𝑅2,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝑁 +
𝛿𝑁𝐻
2

2
𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔) +

(𝛿𝐶𝑆𝐴,𝑁𝜔𝑁)
2

8
(𝐽(2𝜔𝑟) + 2𝐽(𝜔𝑟))  (A2.14) 

𝑅1𝜌
𝐶𝛼 ≈ 𝑅1𝜌,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝐶𝛼 +
𝛿𝐶𝛼𝐻
2

2
𝐽(𝜔1)       (A2.15) 
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𝑅2
𝐶𝛼 = 𝑅2,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝐶𝛼 +
𝛿𝐶𝛼𝐻
2

2
𝐽(𝜔1,𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔) +

𝛿𝐶′𝐶𝛼
2

4
(

2

3
𝐽(2𝜔𝑟) +

4

3
𝐽(𝜔𝑟) +

+
1

2
∑

1

3|𝑚|
𝐽(𝜔𝐶′ − 𝜔𝐶𝛼 +𝑚𝜔𝑟)

′+2
𝑚=−2

)+

𝛿𝐶𝛽𝐶𝛼
2

4
(

2

3
𝐽(2𝜔𝑟) +

4

3
𝐽(𝜔𝑟) +

+
1

2
∑

1

3|𝑚|
𝐽(𝜔𝐶𝛽 − 𝜔𝐶𝛼 +𝑚𝜔𝑟)

′+2
𝑚=−2

) +
(𝛿𝐶𝑆𝐴,𝐶𝛼𝜔𝐶𝛼)

2

8
(𝐽(2𝜔𝑟) + 2𝐽(𝜔𝑟))  (A2.16) 

𝑅1𝜌
𝐶′ = 𝑅1𝜌,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝐶′ +
𝛿𝐶′𝐻𝑒𝑓𝑓
2

2
𝐽(𝜔1) +

(𝛿𝐶𝑆𝐴,𝐶′𝜔𝐶′)
2

2
𝐽(𝜔1)    (A2.17) 

𝑅2
𝐶′ ≅ 𝑅2,𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝐶′ +
(𝛿𝐶𝑆𝐴,𝐶′𝜔𝐶′)

2

8
(𝐽(2𝜔𝑟) + 2𝐽(𝜔𝑟)) .    (A2.18) 
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Figure A2.4. Relative contributions of dipolar and CSA terms to R1ρ and R2 relaxation rates as a 

function of motional correlation time. In all panels the dashed grey line represents the typical 

coherent contributions to each relaxation rate. (A) Dipolar 13C-1H (solid grey) and C  CSA (red) 

contributions to the 13Cα R1ρ. Note: CSA contribution is neglected in Eq. A2.15.  (B) Dipolar 
13C-1H (solid grey) and C CSA (red) contributions to the 13C R1ρ (Eq. A2.17). (C) Dipolar 13C-
1H (solid grey), 3Cα CSA (red), 3C-13Cα (dashed black) and 13Cα-

13Cβ (solid black) dipolar 

contributions to the 13Cα R2 (Eq. A2.16). (D) Dipolar 13C-1H (solid grey) and C CSA (red) 

contributions to the 13C R2 (Eq. A2.18, dipolar contribution is neglected in Eq. A2.18). (E) 

Dipolar 13C-1H (solid grey) and 15N CSA (red) contributions to the 13C 15N R2 (Eq. A2.14). The 

Ck parameter in the spectral density function (Eq. 4.9) was kept at a typical value of 0.005 in all 

calculations. 

A2.4  Multi-start Minimization Procedure 

To minimize bias from the initial guess of the fit parameters in the 𝜒2 minimization 

procedure, we use a multi-start approach15 where we repeat the simplex minimization procedure 

5000 times, each time with randomized initial guesses for each of the fit parameters Rcoherent, Ea,k, 

τc,∞,k, φk, and Ck,,LT or Ck. Representative 𝜒2 histograms resulting from 5000 minimizations are 

shown in Figure A2.5.  
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Figure A2.5. χ2 histograms resulting from the multistart minimization procedure in the PR-

DMPC sample. Two motional modes were included to fit 15N R1 in loops (A). Three modes were 

considered in the fit of 15N R1 in TM domains (B). Four modes were required to fit the R1ρ and R2 

relaxation rates (C).  Order parameters were kept temperature independent (model 1). 5000 

randomized initial guesses for the best fit parameters were tested. The existence of local minima 

is evident in each case from clustering of the fits around high χ2 values. Typically, local minima 

occur when Ck→0 for one or more motional modes, or the spectral density function has a 

maximum outside the experimental temperature range. 

For practical purposes we constrained the initial guesses as follows. First, the choice of 

Rcoherent was limited to the range of 𝑅𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡 ≤ 𝑅𝑥,𝑒𝑥𝑝,𝑚𝑎𝑥, where 𝑅𝑥,𝑒𝑥𝑝,𝑚𝑎𝑥 is the largest 
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relaxation rate measured over the entire temperature range. Second, the slope φk was randomized 

between 0 and 1. The initial choice of φk had no impact on the convergence of the minimization 

procedure.  

Third, the initial guess for the coefficient 𝐶𝑘,𝑅𝑥,𝐿𝑇 was constrained such that the 

contribution from the corresponding spectral density function at its maximum defined by the 

condition 𝜔𝜏𝑐 = 1,  does not exceed the maximum stochastic contribution 𝑅𝑥,𝑒𝑥𝑝,𝑚𝑎𝑥 −

𝑅𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡: 

𝛿𝑋𝐽𝑚𝑎𝑥(𝜔) =
1

2𝜔
𝛿𝑋 𝐶𝑘,𝑅𝑥,𝐿𝑇 ≤ 𝑅𝑥,𝑒𝑥𝑝,𝑚𝑎𝑥 − 𝑅𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡.   (A2.19) 

𝛿𝑋 in Eq. A2.19 denotes the effective coupling term in Eqs A2.14-A2.18. Fourth, we 

constrained the activation energy 𝐸𝑎,𝑘 to be within the range of 𝐸𝑎,𝑘 ≤ 80 kJ/mol.  The upper 

bound of 80 kJ/mol was chosen because of the limited temperature resolution in our 

measurements. Finally, in order to reduce the parameter space searched by the fitting procedure, 

the initial value of  𝜏𝑐,∞,𝑘 was restrained to ensure that maximum of the spectral density function 

defined by the 𝜔𝜏𝑐 = 1 condition falls within the experimental temperature range:   

𝜏𝑐,∞,𝑘 =
1

𝜔
𝑒
𝐸𝑎,𝑘

𝑅∙𝑇𝑚𝑎𝑥
⁄

         (A2.20) 

From Eq. A2.20, the initial choice of 𝜏𝑐,∞,𝑘 depends on the choice of activation energy.  

For practical reasons, we first randomly pick the activation energy value as defined above, 

choose randomly Tmax from the experimental temperature range, 104 K< Tmax< 289 K, and 
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calculate the initial guess for 𝜏𝑐,∞,𝑘 according to Eq. A2.20. Although the initial guess of 𝜏𝑐,∞,𝑘 

is constrained, we apply no such restraint on the value of 𝜏𝑐,∞,𝑘 during the simplex minimization. 

 

A2.5.  Results of backbone relaxation analysis 

A2.5.1 Temperature Independent Motional Amplitudes (Model 1) 
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Table A2.3. 15N and 13C Backbone Relaxation Rates in PR-DMPC sample 

Longitudinal relaxation in loops 

Mode 1-α** Ea  τc,280K τc,∞ φk 1000∙Ck,LT 

Loop-11 n/a 2.0 1.03E-10 

(<2.6 ns) 

4.43E-11 

 

0.0 24.8 

Loop-21 >0.99 15.7 4.62E-08 

(>2.6 ns) 

5.51E-11 0.0 157 

d.f.  16* χ𝑟𝑒𝑑
2  2.1     

Longitudinal relaxation in transmembrane domains 

Mode 1-α** Ea τc,280K τc,∞ φk 1000∙Ck,LT 

TM-11 n/a 0.5 3.57E-06 

(>2.6 ns) 

2.82E-06 0.0 400 

TM-22 >0.99 >80 3.41E-13 

(<2.6 ns) 

3.53E-41 0.0 0.40 

TM-31 >0.99 20.4 3.04E-09 

(>2.6 ns) 

4.77E-13 0.0 1.8 

d.f. 13* χ𝑟𝑒𝑑
2  11.3 

R1ρ and R2 relaxation of the backbone  

Mode 1-α** Ea τc,280K τc,∞ φk 1000∙Ck,LT 

Transverse-1 n/a 5.77 1.15E-05 

 

9.67E-07 0.0 2.9 

Transverse-21 >0.99 27.2 2.52E-05 

(>20 µs) 

2.08E-10 0.0 2.4 

Transverse-3 >0.99 25.2 4.60E-14 9.17E-19 0.0 0.5 

Transverse-4 0.99 25.5 9.28E-12 1.62E-16 0.0 0.6 

Best fit coherent contributions to R1ρ and R2 relaxation rates 

Rate 13Cα R1ρ 13Cα R2 13C´ R1ρ 13C´ R2 15N R2  
Rcoherent  (s-1) 27.5 393.6 11.0 266.9 97.4  

d.f.  97* χ𝑟𝑒𝑑
2  16.5    

1Maximum located outside of the experimental temperature range. Best fit values and an upper or lower 

bound (timescale coinciding with the maximum of the spectral density function) for τc,280K are estimated 

based on the relaxation rate slope at 280 K and given in brackets. 
2Motional mode contributes significantly to only a few data points.   

*d.f. denotes number of degrees of freedom.  

**1-α denotes the probability that the motional mode results from a physical process rather than random 

noise and is determined by the F-test. Inclusion of additional motional modes in the fit results in the (1-α) 

value below 0.8. 
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Table A2.4. 15N and 13C Backbone Relaxation Rates in  PR-DOPE sample 

Longitudinal relaxation in loops 

Mode 1-α Ea τc,280K τc,∞ φk 1000∙Ck,LT 

Loop-11 n/a 0.39 4.23E-10 
(<2.6 ns) 

3.58E-10 0.0 12.1 

Loop-21 >0.99 31.2 1.18E-07 
(>2.6 ns) 

1.75E-13 0.0 400 

d.f. 16*  χ𝑟𝑒𝑑
2  1.5     

Longitudinal relaxation in transmembrane domains 

Mode 1-α Ea τc,280K τc,∞ φk 1000∙Ck,LT 

TM-11 n/a 1.0 5.32E-09 
(>2.6 ns) 

3.41E-09 0.0 0.40 

TM-2 >0.99 27.2 2.56E-11 
 

2.15E-16 0.0 0.30 

TM-31 0.95 19.7 3.52E-09 
(>2.6 ns) 

7.32E-13 0.0 2.2 

d.f. 13*  χ𝑟𝑒𝑑
2  15.7     

R1ρ and R2 relaxation  

Mode 1-α** Ea τc,280K τc,∞ φk 1000∙Ck,LT 

Transverse-1 n/a 9.71 9.60E-06 
 

1.48E-07 0.0 4.4 

Transverse-21 >0.99 23.4 3.96E-05 
(>20 µs) 

1.74E-09 0.0 5.8 

Transverse-3 0.89 2.01 7.06E-07 2.98E-07 0.0 1.3 

Best fit coherent contributions to R1ρ and R2 relaxation rates 

Rate 13Cα R1ρ 13Cα R2 13C’ R1ρ 13C’ R2 15N R2  
Rcoherent  9.9 392.8 2.1 243.9 106.0  

d.f. 98*  χ𝑟𝑒𝑑
2   14.4     

1Maximum located outside of the experimental temperature range. Best fit values and upper or lower 

bound (timescale coinciding with the maximum of the spectral density function) for τc,280K are estimated 

based on the relaxation rate slope at 280 K and given in brackets. 
2Motional mode contributes significantly to only a few data points.   

*d.f. denotes number of degrees of freedom.  

**1-α denotes the probability that the motional mode results from a physical process rather than random 

noise and is determined by the F-test. Inclusion of additional motional modes in the fit results in the (1-α) 

value below 0.8. 
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A2.5.2 Temperature Dependent Motional Amplitudes (Model 2) 

Table A2.5. 15N and 13C Backbone Relaxation Rates in PR-DMPC sample 

Longitudinal relaxation in loops 

Mode 1-α** Ea  τc,280K τc,∞ φk 1000∙Ck,LT 

Loop-11 n/a 1.3 3.50E-10 
(<2.6 ns) 

1.98E-10 2.0 15.7 

d.f. 18*  χ𝑟𝑒𝑑
2   2.6     

Longitudinal relaxation in transmembrane domains 

Mode 1-α** Ea τc,280K τc,∞ φk 1000∙Ck,LT 

TM-11 n/a 0.5 4.92E-08 
(>2.6 ns) 

4.03E-08 0.0 5.3 

TM-22 >0.99 >80 2.86E-13 2.97E-41 
 

77 0.0090 

TM-31 >0.99 17 2.82E-09 
(>2.6 ns) 

1.94E-12 0.57 1.2 

d.f. 10*  χ𝑟𝑒𝑑
2   12.9     

R1ρ and R2 relaxation  

Mode 1-α** Ea τc,280K τc,∞ φk 1000∙Ck,LT 

Transverse-12 n/a 25.4 9.08E-12 1.63E-16 0.0 0.53 

Transverse-2 >0.99 4.9 1.45E-05 
 

1.77E-06 0.58 3.1 

Transverse-32 >0.99 28.8 3.91E-15 1.65E-20 0.0 0.51 

Best fit coherent contributions to R1ρ and R2 relaxation rates 

Rate 13Cα R1ρ 13Cα R2 13C’ R1ρ 13C’ R2 15N R2  
Rcoherent 27.5 393.1 11.0 

 

264.7 96.7  

d.f. 97*  χ𝑟𝑒𝑑
2   17.5     

1Maximum located outside of the experimental temperature range. Best fit values and upper or lower 

bound (timescale coinciding with the maximum of the spectral density function)  for τc,280K are estimated 

based on the relaxation rate slope at 280 K and given in brackets. 
2Motional mode contributes significantly to only a few data points.   

*d.f. denotes number of degrees of freedom.  

**1-α denotes the probability that the motional mode results from a physical process rather than random 

noise and is determined by the F-test.  Inclusion of additional motional modes in the fit results in the (1-α) 

value below 0.8.  
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Table A2.6. 15N and 13C Backbone Relaxation Rates in PR-DOPE sample 

Longitudinal relaxation in loops 

Mode 1-α** Ea τc,280K τc,∞ φk 1000∙Ck,LT 

Loop-11 n/a 0.39 4.22E-10 
(<2.6 ns) 

3.57E-10 0.0 12.1 

Loop-21 >0.99 28.6 1.64E-07 
(>2.6 ns) 

7.70E-13 0.40 400 

d.f. 14 23.5 χ𝑟𝑒𝑑
2   1.7 1.7 

 

   

Alternative 

Loop-11 

n/a 0.40 4.32E-10 
(<2.6 ns) 

3.58E-10 1.57 11.7 

d.f. 18*  χ𝑟𝑒𝑑
2   2.6     

Longitudinal relaxation in transmembrane domains 

Mode 1-α** Ea τc,280K τc,∞ φk 1000∙Ck,LT 

TM-11 n/a 1.6 1.84E-06 
(>2.6 ns) 

1.12E-06 5.6 140 

TM-2 >0.99 28.8 2.80E-11 1.20E-16 0.0 0.4 

d.f. 14*  χ𝑟𝑒𝑑
2   9.6     

R1ρ and R2 relaxation  

Mode 1-α** Ea τc,280K τc,∞ φk 1000∙Ck,LT 

Transverse-11 n/a 5.8 2.39E-04 
(>20 µs) 

2.02E-05 0.0025 51 

Transverse-2 >0.99 4.2 1.19E-07 1.97E-08 33.3 0.50 

Best fit coherent contributions to R1ρ and R2 relaxation rates 

Rate 13Cα R1ρ 13Cα R2 13C’ R1ρ 13C’ R2 15N R2  

Rcoherent 20.0 397.0 4.9 246.0 107.8  

d.f. 99*  χ𝑟𝑒𝑑
2   13.9     

1Maximum located outside of the experimental temperature range. Best fit values and upper or lower 

bound (timescale coinciding with the maximum of the spectral density function)  for τc,280K are estimated 

based on the relaxation rate slope at 280 K and given in brackets. 

*d.f. denotes number of degrees of freedom.  

**1-α denotes the probability that the motional mode results from a physical process rather than random 

noise and is determined by the F-test.  Inclusion of additional motional modes in the fit results in the (1-α) 

value below 0.8. 
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Figure A2.6. An alternative fit of the 15N R1 rates with a single motional mode and time-

dependent order parameter (model 2) in loops of PR-DOPE.  

 

 

Figure A2.7. 1H spectra as a function of temperature in PR-DMPC (A) and PR-DOPE (B).  

 

 

 



 

 

210 

 

A2.6  Effect of proton-driven spin diffusion on 13C R1 measurements 

 

Figure A2.8. 13C R1 measured for spectral peaks corresponding to 13C’, 13Cα and sidechain 

methyl groups. The R1 relaxation rate at different sites is highly averaged by proton driven spin 

diffusion at all temperatures except near the 13C R1 maximum (shortest T1 time for averaging to 

occur) around 220 K.   
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A2.7  Sidechain and Solvent Relaxation Rates 

Table A2.7. Summary of R1 side chain analysis in PR-DMPC sample 

1H longitudinal bulk protein relaxation 

Mode 1-α Ea 

(kJ/mol) 

τc,280K (s) τc,∞
 (s) Cint∙Ck 

1 n/a 1.0 2.68E-10 1.77E-10 8.18E+09 

2 n/a 19.8 1.36E-11 2.79E-15 4.15E+09 
d.f. 16  χ𝑟𝑒𝑑

2   4.2    

13C longitudinal bulk protein relaxation 

Mode 1-α Ea 

(kJ/mol) 

τc,280K (s) τc,∞
 (s) Cint∙Ck 

1 n/a 2.8 7.73E-10 2.36E-10 1.49E+08 

2 >0.99 9.5 1.79E-10 3.06E-12 2.29E+08 
d.f. 16  χ𝑟𝑒𝑑

2   9.0    

  15N longitudinal sidechain arginine relaxation 

Mode 1-α Ea 

(kJ/mol) 

τc,280K (s) τc,∞
 (s) Ck,R1 

Arg-1 n/a 4.0 3.47E-11 6.26E-12 0.0037 

Arg-2 >0.99 20.2 3.23E-09 5.54E-13 0.0113 

Arg-3 0.88 >80 5.78E-19 5.21E-38 0.0015 
d.f. 13  χ𝑟𝑒𝑑

2   3.8    
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Table A2.8. Summary of R1 side chain analysis in PR-DOPE sample 

 

1H longitudinal bulk protein relaxation 

Mode 1-α Ea 

(kJ/mol) 

τc,280K (s) τc,∞
 (s) Cint∙Ck 

1 n/a 0.4 3.33E-08 2.82E-08 5.70E+11 

2 n/a 13.3 6.52E-11 2.18E-13 4.51E+09 
d.f. 16  χ𝑟𝑒𝑑

2   1.1    

13C longitudinal bulk protein relaxation 

Mode 1-α Ea 

(kJ/mol) 

τc,280K (s) τc,∞
 (s) Cint∙Ck 

1 n/a 3.0 3.52E-11 9.70E-12 1.46E+07 

2 >0.99 5.2 5.33E-10 5.82E-11 2.19E+08 

3 0.99 29.0 4.13E-12 1.64E-17 5.02E+07 
d.f. 11  χ𝑟𝑒𝑑

2   5.6    

15N longitudinal sidechain arginine relaxation 

Mode 1-α Ea 

(kJ/mol) 

τc,280K (s) τc,∞
 (s) Ck,R1 

Arg-1 n/a 0.4 5.69E-09 4.69E-09 0.002 

Arg-2 >0.99 83.9 5.70E-09 1.30E-24 0.023 

Arg-3 0.83 50.6 6.84E-11 2.47E-20 0.0038 
d.f. 13  χ𝑟𝑒𝑑

2   2.9    

 

 

Figure A2.9. Arginine 15Nε  R2 relaxation rates in (A) PR-DMPC and (B) PR-DOPE.  
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Figure A2.10. A comparison of temperature dependent water and protein 1H R1 relaxation rates 

in PR-DMPC (A) and PR-DOPE (B).  
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Table A2.9. Summary of 15N Lysine relaxation parameters in PR-DMPC 

 

Motional Mode Ea (kJ/mol) τc,280K (s) τc,∞
 (s) Cint∙Ck 

minimum Ea 

NH3
+ 3-site 

hopping 

34 1.43E-10 6.37E-17 4.74E+08 

low temperature 

motion 

0.64 3.81E-11 2.89E-11 1.34E+07 

d.f. 2  χ𝑟𝑒𝑑
2   3.5   

maximum Ea 

NH3
+ 3-site 

hopping 

51 2.19E-09 6.16E-19 3.56E+11 

low temperature 

motion 

0.54 4.21E-11 3.34E-11 1.31E+07 

d.f. 2  χ𝑟𝑒𝑑
2   0.47   

 

 

Table A2.10. Summary of 15N Lysine relaxation parameters in PR-DOPE 

 

Motional Mode Ea 

(kJ/mol) 

τc,280K (s) τc,∞
 (s) Cint∙Ck 

minimum Ea NH3
+ 

3-site hopping 

41 2.90E-11 6.27E-19 1.21E+09 

low temperature 

motion 

0.19 9.62E-07 8.84E-07 4.16E+08 

d.f. 2  χ𝑟𝑒𝑑
2   1.4   

maximum Ea 

NH3
+ 3-site 

hopping 

57 7.14E-12 1.87E-22 1.30E+10 

low temperature 

motion 

0.50 7.31E-07 5.89E-07 3.90E+08 

d.f. 2  χ𝑟𝑒𝑑
2   0.11   
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Figure A2.11.  A comparison of the 13C carbonyl spectra of PR-DMPC and PR-DOPE samples 

at three temperatures of 104 K, 203 K and 289 K, and MAS rate of 8 kHz.  Relative intensities of 

the sidebands remain the same, suggesting that rotational diffusion of the protein in the lipid 

bilayer is not present. 
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