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Abstract 

 

Amide proton assignments of partially deuterated Anabaena Sensory Rhodopsin, 

investigation of solvent exchangeability and deuterium isotope effects 

 

David Bolton       Advisors: Dr. V. Ladizhansky 

University of Guelph, 2017       Dr. L. Brown 

 

 

Magic angle spinning solid-state NMR has been used with great success in studying 

membrane proteins in a native-like environment. These typically carbon-detected experiments 

are very time consuming, require a large amount of multiple samples with various levels of 

isotopic labeling. Through the use of proton detected experiments coupled with fast MAS we can 

reduce the total experimental time and number of required samples. Technological developments 

and labelling techniques (ultrafast MAS and isotopic dilution with 2H) have made proton 

detection in solid-state NMR a powerful tool. Membrane proteins however, remain a difficult 

subject of study. In this thesis, assignments of both exchangeable and non-exchangeable amide 

protons were made. Solvent accessibility as well as deuterium isotope effects on chemical shifts 

were evaluated to help the assignment and adjustment of assignment of the chemical shifts of 

proteins in future studies.  
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1) Introduction  
 

1.1) Membrane Proteins 

Membrane proteins account for roughly one third of all proteins1,2 and the study of these 

proteins has become an integral part of the identification and treatment of a variety of medical 

conditions3. This class of proteins is essential to all cell life processes including signalling, 

transport of substances and communication between cells  and the extracellular environment 2,4–7. 

Membrane proteins can be categorized into two groups, integral membrane proteins and 

peripheral membrane proteins. Peripheral membrane proteins or membrane-associated proteins 

do not completely cross the lipid bilayer. Integral membrane proteins have at least one domain 

that fully spans the lipid bilayer. These transmembrane domains usually contain hydrophobic 

amino acids making it energetically favourable for them to reside in the membrane. 

Transmembrane domains adapt two main types of structures, and exist as alpha-helical bundles 

or beta-barrels. Beta-barrels are mainly found in the outer membranes of gram negative bacteria8 

and in organelles, whereas helical bundles are found in all types of biological membranes.  

Beta barrels typically function as passive transporters, e.g., porins, that allow water and 

small ions to diffuse across membranes whereas an alpha helical membrane protein may function 

as a sensor, active or passive transporter, or enzyme. The highly controlled functions of these 

proteins make them an ideal drug target. Rhodopsins are a highly studied class of alpha-helical 

bundle membrane proteins. 
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1.2) Rhodopsins 

Rhodopsins are a class of integral membrane proteins that use retinal as a chromophore for 

their functions, which are triggered by the absorption of light9. Rhodopsins have been found in a 

large variety of organisms and perform a range of light-dependent functions including ion 

transport and photoreception9–11. All rhodopsins share the same overall structural architecture of 

a seven-helical transmembrane bundle. The retinal chromophore is covalently bonded to the 

protein through a Schiff base formed with lysine located in the middle of the seventh helix G. 

Upon activation by a photon the chromophore isomerises causing a conformational change in the 

protein (this sequence of reactions is called a photocycle). This photocycle can include large 

scale changes within the protein that may manifest itself as a release of a bound protein, a 

pumping of an ion, the opening of a channel, or transduction of a signal. An example of this 

phenomenon is shown in Figure 1.1 for BR, a highly studied proton-pumping protein that is 

commonly used as a model membrane protein. 
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Figure 1.1: Bacteriorhodopsin structure showing the path of a proton being pumped during its photocycle resulting 

in active proton transport. Reproduce with permission from Wickstrand et al. Biochim. Biophys. Acta-Gen. Subj. 

1850, 536-53 (2015)12. 

 

Microbial rhodopsins have been used as model systems for the study of membrane proteins 

due to reliability of their expression and purification relative to similar proteins as well as 

convenient spectroscopic handles. This ease of production and handling is why rhodopsins have 

been studied with a variety of techniques. Bacteriorhodopsin (BR) structure was the first 

membrane protein structure determined by cryo-electron microscopy(Cryo-EM)13 and it had 

been used as a model membrane protein for G-protein coupled receptors (GPCRs) until the 

crystallographic structure of visual rhodopsin was solved14. Initial applications of solution NMR 

spectroscopy to membrane proteins were performed on rhodopsins15,16 and they played a role in 

the development of solid state NMR methodologies17. In summary, rhodopsins have been vital in 
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the development of methods to study membrane proteins and are continually being used in the 

progression of these techniques. 

 

1.3) Structural and Functional Studies of Membrane proteins 

Understanding structure and function of membrane proteins is critical to understanding of 

conditions associated with their malfunction. Whereas X-ray crystallography is responsible for 

determination of a majority of known protein structures, many membrane proteins resist 

crystallization necessary for X-ray crystallography. Three-dimensional crystals also make the 

study of dynamics difficult due to the crystal trapping one or two conformations making the rest 

unobtainable, and thus preventing investigations on how the protein structure changes with 

function. In addition, Cryo-EM has become very successful and is becoming more popular for 

the determination of atomic resolution structures18–20. The necessity of Cryo-EM to be done at 

cryogenic temperatures, however, takes the protein further away from physiological conditions 

and my also cause the destabilization of some proteins. 

 NMR can be very beneficial for the study of proteins and has been used successfully on 

soluble proteins with increasing success with membrane proteins. To accommodate membrane 

proteins for solution NMR the protein is often prepared in a solubilized form, e.g., in detergent 

micelles, bicelles21, or in lipid nanodiscs22. However, the solubilisation of membrane proteins in 

detergent may result in destabilizing the protein. Additionally, the molecular tumbling of the 

large protein-detergent or, in the case of nanodiscs, protein-lipid complexes is generally not fast 

enough to average the anisotropic interactions to yield the resolution and sensitivity required, and 

requires heavy perdeuteration23 and/or selective labeling24 or scarce nuclei like 19F25.  
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Additionally, to increase tumbling rates, solution NMR of membrane proteins is often performed 

at elevated temperatures, which may further destabilize the protein. 

Magic Angle Spinning solid state NMR does not require solubilized protein or crystals as 

in solution NMR and X-ray crystallography. Although there has been an increase in the use of 

solid state NMR, the number of proteins successfully assigned using this method is much fewer 

than for solution NMR. These resonance assignments have been successfully used to probe 

distance constraints for structural calculations, solvent accessibility, and conformational changes 

associated with function.  

Because SSNMR does not require molecular tumbling, it can be applied to molecular 

systems of any size. Therefore, much larger proteins, membrane proteins26, and protein 

complexes27 can be studied with SSNMR. However, an increase in size leads to spectral 

degeneracy due to many residues having similar resonances. This degeneracy is typically 

reduced via either sparse labelling24,28 or through application of multidimensional NMR 

spectroscopy. Sparse labeling requires multiple samples and not all atoms are then isotopically 

labelled, thereby reducing the usefulness of a single sample. The addition of a dimension 

increases the experimental time with each added dimension, causing some experiments to last for 

days. One of the leading strategies for the reduction of this time constraint is through the 

implementation of proton detection. 

 

1.4) Anabaena Sensory Rhodopsin 

Anabaena Sensory Rhodopsin (ASR) is a 261-residue, 26 kDa, microbial rhodopsin 

which functions as a photosensor, and propagates light signal to a bound soluble cytoplasmic 
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protein, Anabaena sensory rhodopsin transducer (ASRT). ASR has been extensively studied 

using a variety of biochemical and biophysical methods including NMR29, EPR30,31, and FTIR32. 

Initial spectroscopic SSNMR assignments were made using uniformly 13C, 15N-labelled ASR and 

two ASR samples alternately labelled using 1,3-13C and 2-13C glycerol as sole carbon sources. 

The initial uniformly labelled sample was successfully used in the assignment of 169 amino 

acids by Dr. Lichi Shi33, however, the additional data obtained in 2-D and 3-D experiments on 

the 1,3- and 2- glycerol samples yielded a more complete backbone as well as distinguish many 

sidechain resonances, this resulted in the assignment of 206 of the 229 residues by Dr. Shenlin 

Wang34. The locations of the assigned residues within the structure are indicated in green in 

Figure 1.2. This nearly complete assignment was used for secondary structure analysis to 

determine the helical boundaries seen in Figure 1.2 using a chemical shift index35.  

Successful assignments were then available for use in the determination of 13C-13C 

distance constraints and 13C(1H)-(1H)13C correlations. These medium and short-range distance 

constraints in addition to PRE distances were iteratively used to determine the ten lowest energy 

structures shown in Figure 1.3A. Paramagnetic relaxation enhancement experiments determined 

inter-monomer contact points based on relaxation effects on one monomer from a paramagnetic 

tag located on an adjacent monomer. These observations were corroborated by visible circular 

dichroism (CD) measurements that gave a characteristic bilobe spectra due to the coupling of 

adjacent retinal molecules contained within each monomer. In combination with SDS-PAGE and 

crosslinking, thisstudy led to determination of organization of the oligomer of ASR reconstituted 

into lipids shown in Figure 1.3B. The 2-dimensional lattice spacing was determined through 

small angle x-ray scattering resulting in the lattice model shown in Figure 1.3C. Recent Double 

Electron-Electron Resonance EPR experiments measuring the distances between 
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paramagnetically labelled monomers in a series of dilutions with unlabelled monomers were 

used to refine the ASR trimer structure31. 

The high resolution structure of the 229 residue-long ASR construct has also been 

obtained by x-ray diffraction36. Structural hierarchy of ASR determined by SSNMR is shown in 

Figure 1.3. SSNMR structure reveals that ASR forms a trimer rather than the dimer seen in x-ray 

crystallography17,31 as well as a beta-hairpin present in the extracellular B-C loop,17,37 which is 

disordered in crystals36. The trimeric arrangement is very stable and persists in both cell 

membranes38 and detergent37. Furthermore, ASR trimers arrange spontaneously into a 2D 

hexagonal lattice in lipids, and have a propensity to form ordered lattices in E.coli cell 

membranes, albeit of a different symmetry17,37.   

 

Figure 1.2: Topology of C-terminally truncated ASR with locations of known carbon and nitrogen backbone 

assignments shown as filled green circles. Residues contained within each of the seven helices are boxed and the 

helices are numbered A-G. The beta hairpin structure of the BC loop is indicated with arrows. 
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Figure 1.3: Current state17,31,37,38 of knowledge of ASR structure including A: The ten lowest energy structures of 

ASR as determined via assignments and distance constraints entirely from solid state NMR; B: Oligomeric state of 

ASR showing the trimer configuration; C: A model of the possible 2D lattice organization of ASR indicating 

spacing between trimers. 

 

 The assignments and structure determination open the possibility to probe dynamics, 

interactions including binding of other proteins or ligands, interactions with membrane lipids, 

and exchange with solvent as well as conformational changes upon activation. One such 

experiment that can be performed to probe conformational changes is hydrogen deuterium 

exchange. By substituting exchangeable protons with deuterium atoms and observing the change 

in signal on a site-specific basis one can determine whether the site is solvent accessible and 

whether it is part of a stable secondary structure. The same exchange can also be done during 

activation of the protein where a decrease in signal will then be seen in sites that become solvent 

accessible under activation. This was done for ASR to probe conformational changes30 where it 

was found that the helices F and G become more solvent accessible under activation, 

illumination in the case of ASR, indicating they tilt away from the helical bundle. These results 

for ASR are shown in Figure 1.4, where the exchange was performed under no illumination 

(dark state) seen in blue and under illumination (activated state) seen in red. The large number of 
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sites in helix F and G that become exchangeable only under illumination indicate the tilting of 

the helices, opening up those sites to exchange with the solvent. 

 

 

Figure 1.4: Topology of ASR amino acid chain with solvent accessible sites in the dark state coloured blue. Sites 

that become exchangeable under illumination are shown in red30. 

 

Membrane proteins are naturally embedded in cell membranes which have complex 

physicochemical properties. The cell membrane environment is essential to supporting 

membrane proteins’ structural fold and functions. Solid-state nuclear magnetic resonance 

(SSNMR) spectroscopy is a unique method that can provide site-specific structural and dynamic 

information on membrane proteins embedded in the phospholipid environment. Whereas carbon-

detected SSNMR of membrane proteins have made an impressive progress in recent years39–44
 

there is ongoing search for solid state NMR detection methods with better sensitivity and 

resolution, and which provide additional avenues for structural measurements45–50. In this 
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respect, protons have always been an attractive target. Firstly, they have high gyromagnetic ratio, 

and offer higher sensitivity. Secondly, excellent resolution of proton spectra have been 

demonstrated in perdeuterated proteins with protons reintroduced at exchangeable sites 47,51,52, 

and more recently in fully protonated proteins under ultrafast (spinning rates faster than100 kHz) 

magic angle spinning conditions47,53–56. Thirdly, proton-proton distances are an important source 

of structural information50,56, which also allows for overcoming the dipolar truncation effects57–59 

especially prominent in carbon-carbon distance measurements58. 

 Here, we investigate the potential of proton-detected MAS SSNMR for the study of 

Anabaena Sensory Rhodopsin (ASR), a seven-helical transmembrane (7TM) photosensor from 

cyanobacteria. Multidimensional NMR experiments were performed on two samples, the U-

13C,15N perdeuterated ASR with 100% reprotonated exchangeable sites (UCND ASR), and U-

13C,15N ASR grown on 85/15 (w/w) D2O/H2O buffer (Reduced Adjoining Protonation, RAP 

ASR)60, resuspended in a D2O based buffer. It has been shown before that the transmembrane 

domains of multi-spanning α-helical proteins are protected from solvent and are not readily 

exchangeable. The UCND and RAP labeling schemes give access to the solvent-exposed regions 

and to the regions protected from solvent, respectively.  

 

 

 

 

 



 

11 

 

2) NMR  
 

 NMR uses the spin properties of atoms to probe atomic level interactions and structures 

in molecules. In addition to naturally occurring 1H, biological samples are commonly labeled 

with the NMR-active spin ½ nuclei such as 13C and 15N, to be available for interactions and 

detection. The NMR experiment can be described with a Hamiltonian that is the sum of the 

Hamiltonians of the external interactions such as the Zeeman coupling between spins and applied 

static magnetic field, the radio frequency (RF) interactions between spins and applied RF fields, 

and the internal interactions which include chemical shift, dipolar, and J-coupling interactions. 

The former interactions can be controlled and manipulated experimentally to extract the 

structural information contained in the internal interactions.  

The spin Hamiltonian takes the form: 

 𝐻 =  𝐻𝑍 + 𝐻𝐶𝑆 + 𝐻𝐷 + 𝐻𝐽 + 𝐻𝑅𝐹 (2.1) 

In the following we will discuss the different terms in the Eq. 2.1.  

 

2.1) Zeeman interaction 

 When a spin ½ nucleus is placed in a magnetic field, the angular momentum vector 

interacts with the magnetic field, leading to two eigenstates corresponding to a spin-up state and 

a spin-down state also denoted as: 

 |𝛼 > and |𝛽 > (2.2) 

This splitting is called the Zeeman effect and the splitting corresponds to the two eigenstates of 

the Zeeman Hamiltonian: 
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 𝐻𝑍  =  − 𝛾𝐵0𝐼𝑍 

 

(2.3) 

Where B0 is the applied external magnetic field strength chosen to be along the z-axis, IZ is the 

spin ½ operator, and γ is the gyromagnetic ratio of spin I, which is unique to each type of atom. 

As is customary in NMR, the energies are expressed in frequency units (ℏ =

1 ) in Eq. 2.3 and in all subsquent equations. The energies of the spin-up and spin-down 

eigenstates are then: 

 𝐸𝛼 =  −½𝛾𝐵0   𝑎𝑛𝑑  𝐸𝛽 =  ½𝛾𝐵0 

 

(2.4) 

The energy difference between these is known as the Larmor frequency:  

 𝜔0  =  − 𝛾𝐵0 (2.5) 

The two eigenstates take on unequal populations defined by the Boltzmann distribution: 

 
𝑛𝛼 = 𝑒

−𝐸𝛼
𝑘𝐵𝑇         and           𝑛𝛽 = 𝑒

−𝐸𝛽

𝑘𝐵𝑇  
(2.6) 

This inequality in populations creates a net magnetization (M0) aligned with the external 

magnetic field:  

 𝑀0 = 
𝛾

2
 (𝑛𝛼 − 𝑛𝛽) (2.7) 

which can be approximated at high temperatures as: 

 
𝑀0 = 

𝑁𝛾2𝐵0

4𝑘𝐵𝑇
 

(2.8) 
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This magnetization is dependent on the number of atoms in the sample (N), the strength of the 

magnetic field, gyromagnetic ratio, and temperature (T). The population difference between the 

two states is small but is still large enough to be probed experimentally.  

 

2.2) Chemical Shift interaction 

 The chemical shift refers to a shift in the Larmor frequency of a particular nucleus, 

caused by the local electronic environment due to electrons generating a secondary magnetic 

field, thus distorting the total magnetic field experienced by a nuclear spin. Because of this 

difference, individual nuclei experience a slightly different total magnetic field. The chemical 

shift interaction is represented as: 

 𝐻𝐶𝑆 = (𝜔𝐼𝑆𝑂 + 𝜔𝐶𝑆𝐴)𝐼𝑍 (2.9) 

where 𝜔𝐼𝑆𝑂  is the isotropic component and 𝜔𝐶𝑆𝐴 is the anisotropic contribution. The isotropic 

component does not depend on the molecular orientation, whereas the anisotropic component 

depends on the molecular orientation with respect to the magnetic field. It is averaged out due to 

molecular tumbling in solution NMR, and can be manipulated via magic angle spinning in solid 

state NMR (discussed in the following section). Chemical shift is strongly dependent on the 

electronic environment, which itself depends on the molecular structure. Therefore, chemical 

shift is the key contributor to the site-specific spectral resolution. This shift from the Larmor 

frequency is measured in Hz, however, since this shift is dependent on the strength of the 

magnetic field it is normalized by dividing the value by the intrinsic proton resonance frequency 

of the magnet in Hz to give the commonly expressed ppm (parts per milltion) value. 
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2.3) Dipolar interaction 

 The dipolar interactions are the direct through space interactions between two coupled 

spins, and can be either between spins of the same species (homonuclear) or different species 

(heteronuclear). This interaction is represented as: 

 

 

𝐻𝐷 = ∑
µ0𝛾𝑗𝛾𝑘

4𝜋𝑟𝑗𝑘
3 (𝐼�⃑⃑� ∙ 𝐼𝑘⃑⃑  ⃑ − 3

(𝐼𝑗 ∙⃑⃑⃑⃑ 𝑟𝑗𝑘⃑⃑ ⃑⃑ )(𝐼𝑘 ∙⃑⃑ ⃑⃑  ⃑ 𝑟𝑗𝑘⃑⃑ ⃑⃑ )

𝑟𝑗𝑘
2 )

𝑁

𝑗<𝑘

 

(2.10) 

 

Where 𝑟𝑗𝑘⃑⃑ ⃑⃑  is the vector between nuclei j and k. By neglecting terms that do not commute with the 

Zeeman interaction this equation is simplified to: 

 

 

𝐻𝐷 = ∑
µ0𝛾𝑗𝛾𝑘

4𝜋𝑟𝑗𝑘
3 (1 − 3𝑐𝑜𝑠2𝜃𝑗𝑘) (2𝐼𝑗𝑧𝐼𝑘𝑧 −

1

2
(𝐼𝑗

+𝐼𝑘
− + 𝐼𝑗

−𝐼𝑘
+))

𝑁

𝑗<𝑘

 

(2.11) 

 

for the homonuclear interactions, and to: 

 

 

𝐻𝐷 = ∑
µ0𝛾𝑗𝛾𝑘

4𝜋𝑟𝑗𝑘
3 (1 − 3𝑐𝑜𝑠2𝜃𝑗𝑘)(2𝐼𝑗𝑧𝑆𝑘𝑧)

𝑁

𝑗,𝑘

 

(2.12) 
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for the heteronuclear interactions between spins I and S. The term 𝜃jk is the angle between 𝑟𝑗𝑘⃑⃑ ⃑⃑  

and the external magnetic field �⃑� 0. Due to the dependence on 𝜃jk, the dipolar interaction is 

orientation dependent, leading to anisotropic broadening. This interaction is eliminated via 

averaging due to molecular tumbling in solution or through MAS in the solid state. 

 

2.4) J-Couplings 

 J-coupling (or scalar coupling) refers to the indirect interaction between two nuclei 

mediated by bonding electrons. The J-coupling interaction can be approximated as: 

 𝐻𝐽 = 2𝜋𝐽𝑗𝑘(𝐼 𝑗 ∙ 𝐼 𝑘) (2.13) 

 𝐻𝐽 = 2𝜋𝐽𝑗𝑘(𝐼𝑗𝑧 ∙ 𝐼𝑘𝑧) (2.14) 

for the homonuclear and heteronuclear cases, respectively. Although J-couplings are the weakest 

of the discussed interactions, it is the primary interaction behind polarization transfer in solution 

NMR. It is also often used to establish polarization transfer between spins located in mobile 

fragments in solid state NMR.61–63. In the context of this thesis, scalar-based transfers between 

the carbonyls and alpha carbons are used to establish correlations between these spins.  

 

2.5) Anisotropic Broadening and MAS 

 Whereas in solution NMR anisotropic interactions are averaged out due to molecular 

tumbling, they lead to significant line broadening and complex line shapes in immobilized 

molecules. In solids, the most common method to reduce these interactions is by physically 
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spinning the sample at 54.74° with respect to the static magnetic field, the magic angle at a 

frequency of ωr, as shown in Figure 2.164,65. 

 

 

Figure 2.1. Magic angle spinning experiment. The sample is put in rotor which is spun around an axis pointing at 

54.74° with respect to the external magnetic field �⃑� 0.  

 

When the sample is spun at an angle tilted from the external magnetic field a periodic time 

dependence is introduced to the anisotropic interactions. The time dependent form of equation 

2.11 becomes66: 

 

𝐻𝐷 = ∑𝜔𝐷
𝑗𝑘

(𝑡)(2𝐼𝑗𝑧𝐼𝑘𝑧)

𝑁

𝑗<𝑘

 

(2.15) 

where 

 𝜔𝐷
𝑗𝑘(𝑡) =   

µ0𝛾𝑗𝛾𝑘

4𝜋𝑟𝑗𝑘
3 (𝑔0 + 𝑔1 cos(𝜔𝑟𝑡 +  𝜑) + 𝑔2 cos(2𝜔𝑟𝑡 + 2𝜑)) 

(2.16) 

and 

 𝑔0 = 
1

4
(3𝑐𝑜𝑠2𝜃𝑗𝑘 − 1)(3𝑐𝑜𝑠2𝜃𝐵0

− 1) (2.17) 
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 𝑔1 = 
3

4
(𝑠𝑖𝑛2𝜃𝑗𝑘)(𝑠𝑖𝑛2𝜃𝐵0

) (2.18) 

 𝑔2 = 
3

4
(𝑠𝑖𝑛2𝜃𝑗𝑘)(𝑠𝑖𝑛

2𝜃𝐵0
) (2.17) 

 

where θB0 is the angle between the external magnetic field and the axis the sample rotates about 

and θjk is the angle between two spins j and k. The time independent 𝑔0 is eliminated by setting 

θB0 to the magic angle since 

 𝜃 = 𝑐𝑜𝑠 − 1(1 ⁄ √3) = 54.74°. (2.18) 

The remaining 𝑔1 and 𝑔2 terms are then also averaged to zero over one rotor period. Magic angle 

spinning sufficiently suppresses anisotropic interactions at moderate spinning frequencies other 

than the proton homonuclear interaction. Higher order terms contribute in the homonuclear case, 

but in the carbon and nitrogen instance this contribution is small and can be neglected. However, 

the proton-proton interaction requires very fast MAS spinning frequencies to be sufficiently 

suppressed to establish sufficiently high proton resolution55,67.  

 

2.6) Multidimensional NMR 

Due to the high spectral degeneracy from the large number of spins with similar chemical 

shifts in membrane proteins, the resulting 1D and 2D spectra are often crowded, and overlapping 

resonances cannot be resolved as seen in Figure 2.2A, where the center of the spectrum is highly 

congested. A common method to alleviate this degeneracy is through application of experiments 

of higher dimensionality, 3D or even 4D68–70. Such experiments correlate 3 or more spins and 

involve multiple polarization transfer steps between these spins. Each transfer adds an additional 

dimension further reducing degeneracy as illustrated in Figure 2.2B. Polarization transfers are 
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often performed via cross-polarization (CP)71–73 but there are other methods used for different 

situations and objectives such as insensitive nuclei enhanced by polarization transfer (INEPT)74, 

when polarization transfer to mobile species is desired. 

 

 

Figure 2.2 (A). A typical 2D 1H/15N correlation spectrum of ASR labeled using Reduced Adjoining 

Protonation (RAP)60 scheme. (B) A 2D plane from a 3D CANH experiment. The highly degenerate central section 

in the HN spectrum consisting of a large number of peaks is dispersed in the third dimension. 

 

 

2.7) CP and Decoupling 

 Since the dipolar interactions are removed by MAS, it is crucial for many 

multidimensional experiments to reintroduce them to allow polarization transfer between nuclear 

spins. Since the majority of membrane proteins are rigid, this polarization transfer is usually 

done through cross-polarization (CP)71,72. Cross polarization is performed through irradiation of 

two heteronuclei simultaneously. This irradiation must satisfy the Hartmann-Hahn condition73, 
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which in case of the MAS experiment requires that the difference (or sum) of the frequencies of 

RF pulses applied to two interacting nuclear spins is equal to a small multiple (1 or 2) of the 

spinning frequencies75. In order to make the transfer less sensitive to the RF inhomogeneity 

effects, one of the RF fields is ramped linearly across the matching condition. 

 Decoupling is an essential part of the NMR experiment as it aims to remove residual 

anisotropic interactions and helps achieve higher resolution. At slow to moderate spinning 

conditions (<40 kHz), this is often accomplished through the application of a train of high power, 

phase modulated pulses to remove interactions between spins. High power decoupling puts a 

great strain on the probe, so a long recycle delay must be used. Alternatively, fast MAS results in 

greater averaging of dipolar interactions, so lower power decoupling techniques can be employed 

thus allowing shorter recycle time and shortening the experiment76. 

 

2.8) 13C vs 1H Detected NMR 

Equation 2.7 relies on the population difference between the two spin states. This 

population difference is on the order of 1 in 105 for protons at high magnetic field and ambient 

temperature66 and even less for the less sensitive carbon and nitrogen nuclei. Increasing the 

energy difference between states which leads to an increase in the population difference can be 

done by using stronger magnetic fields. Another strategy towards more sensitive signal detection 

is through the use of the most sensitive nucleus. As seen in equation 2.8, the bulk NMR signal is 

proportional to the square of the gyromagnetic ratio of an atom. The largest gyromagnetic ratio 

of the available nuclei is that of proton (42.57 MHz T-1). For comparison, the next largest 

available in biological samples is phosphorus (17.2 MHz T-1) however, it is often not used due to 
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its relatively sparse appearance in proteins. So, the next highest commonly used nucleus is 

carbon (10.7 MHz T-1). For this reason, protons are almost always used in solution NMR and 

serve as the starting point for the initial polarization for solid-state experiments. This difference 

in the gyromagnetic ratios alone yields a theoretical increase in sensitivity of ~16. With this 

increase in sensitivity experimental times can be reduced by a factor of 4, making the much 

longer multidimensional experiments far less time consuming and then more feasible to perform. 

Because of this signal enhancement and therefore reduced experimental time, proton 

detection is a highly desirable method for implementation in solid state NMR. Additionally, 

protons are located directly at interfaces where the protein interacts with its environment or 

ligands. This makes them an excellent probe for the studies of protein-protein and protein-ligand 

interactions. Finally, protons are a naturally abundant spin ½ isotope preventing the need to 

specifically enrich samples as is the case with carbon or nitrogen NMR where the sample must 

be produced with their less abundant isotope. However, to perform multidimensional 

experiments, carbon and nitrogen will still likely need to be isotopically labelled as 13C and 15N 

even when protons are utilized. 

 

2.9) Proton detected NMR 

Proton detected solid-state NMR has quickly become a very popular area of development 

and implementation to study a wide variety of systems22,45,77–79. Along with the sensitivity 

increase, the availability of protons for use in NMR experiments also provides a means of 

probing solvent accessibility30,49, long range distances48,78, and adds an additional dimension and 

proton chemical shift data. However, in traditional solid-state NMR, the use of protons results in 
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low resolution due to the strong proton-proton dipolar interaction and vast proton network within 

the proteins that provide a means of fast relaxation and therefore broad lines80,81. This effect has 

been combated via the use of deuteration, and fast magic angle spinning, either separately or in 

combination81. 

Disruption of the proton network through the replacement of native protons with 

deuterium atoms may be done in a number of different ways including: perdeuteration, reduced 

adjoining protonation60 or selective methyl or amino acid labelling through the use of precursors 

or auxotrophic host strains82. These methods all work based on a reduction of the total number of 

protons, thereby simplifying the resultant spectra and increasing the coherence lifetimes of 

protons due to disruption of the relaxation network. 

Smaller rotors that allow faster magic angle spinning coupled with more powerful 

magnets have increased the protein size threshold while lowering the amount of required 

sample79,83. However, larger proteins have a greater number of amino acids introducing greater 

degeneracy of the spins so the spectra remain overlapped. Multidimensional NMR is then used, 

as mentioned above, to achieve site-specific resolution. It is then necessary to minimize the 

number of scans needed; therefore, the high ɣ protons are very desirable for detection. Spinning 

at the higher frequencies has successfully given proton linewidths under 0.1 ppm52,84.  

The use of smaller rotors have also led to other developments in probes85, specifically 

reduced coil size. The smaller coils of these probes make them more efficient at signal detection 

and RF transmission, further increasing the sensitivity gain.  Additionally, fast MAS frequencies 

effectively average anisotropic interactions, thereby removing the need for high power 

decoupling. This leads to a reduction in the recycle delay, which is major time saving step in 
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NMR experiments, allowing more scans per unit time and greatly decreasing the overall 

experimental time needed for a given number of scans. 

 Recently, proton detection in SSNMR has been used for structure refinement of some 

proteins and peptides as well as water interaction studies45,50,78,86,87. A lot of recent work has 

gone into the simplification of the proton spectra through deuteration51,78,88. This has yielded the 

abundance of labelling techniques as described above. 

 

2.10) Motivation of this work 

This work provides the ground to help refine and introduce new tools such as labeling 

methods and experiments emerging for the use of proton detected SSNMR in the investigation of 

the structure and function of membrane proteins, including long-range distance measurements 

and water interactions. These techniques can then be applied to many proteins and systems 

including medically relevant ones. Studies involving these proteins will then help in the 

characterization and development of treatments of diseases associated with them. 
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3) Materials and Methods 
 

3.1) Sample Preparation 

3.1.1) Cell growth, protein production and purification  

 Here, BL21 Escherichia coli (E.coli) cells containing the plasmid encoding C-terminally 

truncated His-tagged ASR were used to produce ASR on minimal media after a heat shock 

transformation to incorporate the plasmid into the cell. Since the E. coli cells did not thrive in a 

deuterated environment49, the cells were required to be trained to grow in a highly deuterated 

media. This was done by growing the cells successively in natural abundance M9 minimal media 

containing 0%, 10%, 25%, 50%, 75%, 90% and 100% D2O until an Optical Density (OD) at 

600 nm between 2.0 and 3.0 was achieved within 36 hours, indicating high cell densities. 

Optimization of incubation times was performed by measuring OD of the cell media in one-hour 

time intervals to monitor the cell density and growth. Optimal incubation time was determined to 

be at the end of the logarithmic growth phase of the cells and before the cell stationary phase89. 

This was found to be 31 hours after cell IPTG induction as shown in Figure 3.1. 
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Figure 3.1: Growth of BL21 E. coli cells in 250 ml of 100% D2O M9 minimal media. Optical density measurements 

were taken every hour after 24 hours to determine the optimal incubation time of 31 hours after the induction time. 

 

 Fully trained E.coli cells were grown on M9 minimal media prepared with 100% and 

85% D2O for uniformly 13C- and 15N-labeled deuterated ASR (UCND-ASR) and Reduced 

Adjoining Protonation ASR (RAP-ASR)90, respectively. Then 13C-d6 glucose and 15N 

ammonium chloride (Cambridge Isotope Laboratories, Andover, MA) were supplied as the sole 

sources of carbon and nitrogen, respectively. Cells were taken from a 16% glycerol stock and 

grown in 2 ml of M9 media to an OD of 1.25 or higher (approximately 24 hrs). 25 ml was then 

inoculated from the 2 ml growth for a starting OD of 0.1 and grown for approximately 48 hours 

to achieve an OD of at least 4. One leter of M9 was inoculated from the 25 ml culture for a 

starting optical density of 0.1 and grown to an optical density of A600=0.4. ASR expression was 

induced by the addition of isopropyl-β-D-thiogalactoside (IPTG) for a final concentration of 1 

mM. All-trans-retinal was added exogenously to a final concentration of 7.5 µM, half at the time 

of induction and another half six hours in. Cells were grown and expressed for an additional 31 

hours and then collected by centrifugation. Lysis of cells was through incubation with 0.2 µg/ml 
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lysozyme and 2 µg/ml DNaseI, followed by sonication. Membrane fractions were solubilized in 

a 100% H2O solubilisation buffer (1% DDM, 5 mM Tris base, pH = 7.5).  

Protein solubilized in 100% H2O solubilisation buffer was separated from insoluble 

debris via centrifugation at 150,000xg for 1 hour. The ASR was purified via metal (Ni2+) ion 

affinity chromatography in the presence of 0.3 M NaCl using a His6 tag encoded on the C-

terminus of the protein. Bound protein was washed on a filter with washing buffer (0.3 M NaCl, 

0.05 M Tris base, 30 mM imidazole, 0.05% DDM, pH = 8) and purified ASR was then eluted 

from resin with elution buffer (0.3 M NaCl, 0.05 M Tris base, 0.5 M imidazole, 0.05% DDM, pH 

= 8). Eluted ASR was concentrated to a target of 2 mg of ASR per ml using centrifuge filter 

tubes. Elution buffer was replaced with reconstitution buffer (5 mM NaCl, 10 mM Tris base, 

0.05% DDM, pH = 8). Isolated protein was reconstituted into prepared synthetic lipid liposomes 

at a protein to lipid ratio of 2:1 (w:w) in a 9:1 (w:w) DMPC:DMPA (Avanti Polar Lipids, 

Alabaster, AL) lipid mixture, supplemented with 1.24 mM triton X-100 to facilitate 

reconstitution, by stirring at 4°C for approximately 18 hours. These saturated lipids were chosen 

to provide a stable and homogenous environment for ASR. The detergent was removed through 

the incubation with BioBeads SM-2 (Bio-Rad Laboratories, Hercules, CA). The final sample was 

centrifuged at 900,000×g for 6 hrs to remove excess buffer and create a dense sample pellet to 

maximize the amount of sample to be packed into the NMR rotor. Approximately 1 mg of 

protein was packed into a 1.3 mm solid-state NMR rotor for each of the two samples. UCND-

ASR was soaked in a 100% H2O buffer to reintroduce water lost during the packing process, 

whereas the RAP sample was soaked in a 100% D2O buffer to rehydrate the sample and ensure 

only non-exchangeable and/or non-accessible sites are protonated. Both samples were sealed 
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with Viton (The Chemours Company, Wilmington, DE) plugs to prevent sample dehydration 

during MAS experiments. 

3.2) NMR Experiments 

3.2.1) Experimental Setup 

 

All experiments were performed on a Bruker Avance III 800 MHz spectrometer using a 

1.3 mm MAS probe. The MAS rate of 55 kHz was controlled using a Bruker MAS II control 

unit. Sample temperature of ~23 °C was maintained with a BCU-X Bruker cooling unit. Sample 

temperature was calibrated by monitoring the isotopic chemical shift and longitudinal relaxation 

rates of 79Br as described previously91  

 

3.2.2) CONH & CANH Experiments 

 The pulse sequences used to correlate the chemical shifts of CAi-Ni-Hi and COi-1-Ni-Hi 

for both UCND-ASR and RAP-ASR are presented in Figure 3.2. The initial 13C polarization is 

produced by combining a direct excitation of 13C through the application of a 90° and a 1H/13C  

cross polarization (CP) with a 10% linear ramp on proton and a contact time of 1.8 ms. 13C/15N 

and 15N/1H contact times were 5 ms and 2 ms, respectively with a 10% linear ramp on 13C and 

1H. Swept low power TPPM (slpTPPM)92 at 13.75 kHz with a 10% ramp was applied to protons 

during t1 and t2  indirect chemical shift evolutions. Optimized WALTZ-1693 decoupling was 

applied to both15N and 13C during direct detection of 1H. Typical 90° pulse lengths were 1.9 µs 

for 1H, 5.25 µs for 15N, and 3.6 µs for 13C. Water suppression was performed with the 

MISSISSIPPI sequence,94 but without the use of the homospoil gradients. The CONH and 
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CANH experiments differ only by the carbon carrier frequency (55 ppm for CANH and 180 ppm 

for CONH).  

 

 

 

Figure 3.2: CONH/CANH Pulse Sequences. Narrow and thick filled bars represent π/2 and π pulses respectively. 

Both CONH and CANH experiments are identical except for the 13C carrier frequency which is set to CA and CO 

for the CANH and CONH experiments respectively. The following phase cycling was used: φ1= (y, y, -x,-x, -y, -y, 

x, x), φ2= (x, x, y, y, -x, -x, -y, -y), φ3= (y), φ4= (y, -y), φrec= (x, -x), φ3 and φ4 are incremented by 90° for phase-

sensitive detection in the t1 and t2 dimensions. 

 

 

3.2.2) (CO)CA(CO)NH & CO(CA)NH Experiments 

 Pulse sequences for (CO)CA(CO)NH & CO(CA)NH experiments correlating CAi-1-Ni-Hi 

and COi-Ni-Hi   shown in Figure 3.3 were graciously provided by the Pintacuda group45,95. Small 

modifications to the pulse sequences were made to incorporate the water suppression as 

described previously. Similar to the CONH and CANH experiments, heteronuclear polarization 

transfer between 1H/13C and 13C/15N was achieved via cross-polarization. The addition of the 

homonuclear carbon-carbon through-bond transfer allows for the correlation of the amide 

nitrogen and proton to backbone carbons, which are two bonds away,46 i.e., Hi-Ni-CAi-1 and Hi-

Ni-COi. The carbon-carbon through-bond transfer was done via a scalar-based transfer46. In these 



 

28 

 

experiments, the initial coherences on CO are converted to 2CAyCOz (CAy and COz denote spin 

operators of CA and CO spins, respectively) with a non-selective 13C pulse after a delay of 3.6 

ms followed by a 90° pulse. In the (H)(CO)CA(CO)NH experiment, this allows for the recording 

of the CA chemical shift. Coherence is then converted back to CO via the reverse of the initial 

transfer. In the (H)CO(CA)NH experiment, since the CA is coupled to both the CO and CB 

spins, selective 180° pulses need to be employed while the coherence is on CA. These pulses 

must therefore be selective enough to refocus CA spins and not CB. Since these selective pulses 

cannot be employed simultaneously, an additional pulse is used. These selective 180° pulses on 

either CO or CA are shown as bells in Figure 3.3. Gaussian-cascade Q3 selective pulses96 were 

used as the selective pulses with 400 μs on CO and 700 μs pulse lengths on CA and peak powers 

of 8.25 kHz and 4.7 kHz respectively. These experiments were only performed on UCND-ASR 

due to the low signal of the RAP-ASR sample. Experimental details of all six experiments are 

reported in Table 1. 
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Figure 3.3: Pulse Sequences for a) (CO)CA(CO)NH and CO(CA)NH experiments. Thin filled bars represent π/2 

pulses and thick filled bars represent π pulses and bell shaped bars represent selective π pulses. In A) the following 

phase cycling was used: φ1= (y, -y), φ2= (y, y, -y, -y), φ3= (y, y, y, y, -y, -y, -y, -y), φ4= (x, x, x, x, x, x, x, x, -x,-x,-

x,-x,-x,-x,-x,-x),  φrec= (x, -x, -x, x, -x, x, x, -x, -x, x, x, -x, x, -x, -x, x) and in B) φ1= (x, -x), φ2= (x, x, x, x, x, x, x, x, 

y, y, y, y, y, y, y, y), φ3= (x, x, x, x, y, y, y, y), φ4= (x, x, -x, -x),  φrec= (-y, y, y, -y, y, -y,-y, y, y, -y, -y, y, -y, y, y, -

y). 
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3.3) Assignment Strategies 

Two approaches were used in this Thesis. First, with the four chemical shift correlation 

experiments performed on the ASR UCND sample (Figures 3.2-3.3), we could achieve de novo 

assignments as schematically illustrated in Figure 3.4. Spin systems collected from these 

experiments can be linked together to for extended CAi-1-COi-1-Ni-Hi-CAi-COi spin systems. 

These extended systems can then be linked with neighbouring systems to form a continuous 

segment that is then matched to the protein sequence. This procedure can be continued for as 

long as the links between the extended spin systems can be established. More detailed discussion 

and examples of the spin matching and backbone walk are presented in the next chapter 

(Results).   

Because of the lack of side chain correlations which are required for the unique 

identification of the amino acid types, many short or isolated segments could not be assigned de 

novo. To alleviate this problem, we took advantage of the already available assignments for ASR 

obtained using 13C-detected 3D spectroscopy34,33 of the fully-protonated samples. However, due 

to the substitution of many of the naturally occurring protons with deuterons, the carbon and 

nitrogen resonance positions are expected to be different due to the deuterium isotopic effect 

which results from the change in bond angles, bond lengths and electronic shielding97,98.   

The magnitude of this effect is relatively uniform for a given atom type and can be 

estimated using the following equation99,100:  

 𝑇∆𝐶(𝐷) =   1∆𝐶(𝐷)𝑑1 + 2∆𝐶(𝐷)𝑑2+ 3∆𝐶(𝐷)𝑑3 

Where TΔC is the total shift due to deuteration, and nΔC(D) are shifts due to the introduction of 

deuteration sites which are n bonds away with the following values: 1ΔC(D) = -290 ppb,  2ΔC(D) 
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= -90 ppb, 3ΔC(D) = -10 ppb77. We used coefficients determined from recent work by Smith et 

al, which were obtained based on the analysis of the amyloid fibrils formed by Het-s 77,99,101, and 

dn is the number of deuterium atoms which are n bonds away. Although slightly different 

coefficients were extracted for different proteins by other groups23,101–103, these cause only small 

variations in the isotopic shift effect, within the experimentally observed line widths.  
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4) Results and Discussion 
 

4.1) Resolution Assessment 

To evaluate the effects of deuteration on spectral resolution, and to assess the feasibility 

of 3D experiments, we initially collected 2D through-space 1H-15N heteronuclear correlation 

(HETCOR) spectra on the UCND and RAP samples. We note here that because of the employed 

preparation method, we expect to observe only solvent-accessible and exchangeable sites in the 

UCND sample, whereas the RAP sample would give rise to peaks mostly from non-

exchangeable sites. Thus, we expect that these two samples would largely lead to complementary 

spectra of non-overlapping parts of the sample.   

In Figure 4.1 we compare 2D 1H-15N HETCOR spectra of the RAP and UCND samples 

measured at a spinning rate of 55 kHz. The spectra from both samples have similar appearance 

with most peaks in the overlapped region, and with only a handful of peaks resolved. Typical 

proton line widths of the isolated peaks are in the range of 0.09-0.2 ppm , which is similar to 

what was reported previously for structurally similar proteorhodopsin49,104. Some of the peaks 

(indicated according to their assignments in Figure 4.1A and by numbers in Figure 4.1B) appear 

at the same positions, due to spectral degeneracy. While these peaks could be assigned in the 

UCND sample using 3D spectroscopy, assignments were not possible in the RAP sample as 

discussed below in Section 4.2.  
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Figure 4.1. A comparison of 2D 1H-15N HETCOR spectra collected on UCND ASR (A) and RAP ASR (B) 

samples. Representative 1D traces at indicated positions are shown on the right.  

 

The majority of cross peaks in the 2D 1H-15N HETCOR spectra are overlapped, and 

resolving them requires an application of 3D spectroscopy. A suite of four 3D experiments, 

CANH, CONH, (CO)CA(CO)NH and CO(CA)NH45,46 were recorded on the UCND sample. An 
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inclusion of the third carbon dimension significantly improves spectral resolution, as can be 

judged from the example of 2D 1H-15N correlation planes shown in Figure 4.2. Typical proton 

line widths of well-resolved peaks corresponding to solvent-accessible exchangeable sites 

measured in the UCND sample were 0.2 ppm and are comparable to the line widths of the 

isolated peaks in the 2D HN correlation spectra. Similar line widths were detected in the HNCA 

and HNCO spectra measured on the RAP sample.  

Of the four experiments, the CONH correlation is the most sensitive, due to higher 

15N/13C’ CP transfer efficiency. The overall signal in the CANH experiment was ~90% of that 

detected in the CONH, but has better resolution due to higher CA dispersion. A total of 94 and 

86 peaks could be resolved in the CANH and CONH experiments on the UCND sample.  

Whereas the CANH and CONH experiments are sufficient for the initial step in building 

spin systems CO[i-1]-N[i]-H[i]-CA[i], performing a backbone walk requires that the spin 

systems include at least two overlapping atoms. This can be accomplished by using more 

complex experiments which involve additional homonuclear carbon−carbon through-bond 

transfer46 in order to establish correlations to more remote carbons. Such (CO)CA(CO)NH and 

CO(CA)NH experiments have been devised previously, and they are associated with significant 

signal losses. An out-and-back through-bond transfer between CA and CO spins in the 

(CO)CA(CO)NH results in additional coherence decay with an overall transfer efficiency of 

~40% compared to the CONH; (H)CO(CA)NH was the least sensitive with an overall transfer 

efficiency of ~30% compared to the CONH experiment. Average signal to noise values are 

summarized in Table 1. A total of 62 and 53 peaks were detected in the (CO)CA(CO)NH and 

CO(CA)NH experiments, respectively, significantly less than in the CANH and CONH 

correlations. 
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Because of the lower sensitivity, only CANH and CONH experiments were recorded on 

the RAP sample, resulting in 72 and 64 peaks resolved peaks, respectively. The Average values 

of peaks reported in theses spectra are shown in the table below 

Average Values 

 SINO CA-Line Width N- Line Width H- Line Width 

UCND 12.4 1.2 1.5 0.3 
RAP 13.6 1.0 1.4 0.3 
4 Angstroms Ret. 12.5 1.3 1.7 0.3 
5 Angstroms Ret. 12.1 1.2 1.6 0.3 
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Figure 4.2. Representative 2D 1H/15N correlation planes from all 6 3D experiments run on both the UCND and 

RAP sample. The type of sample and the experiment indicated on the spectra. Cross-peaks are labeled according to 

their assignments.  
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Table 1: Experimental details of all six of the 3D experiments run on both UCND and RAP ASR 

 UCND RAP 

 CONH CANH CO(CA)NH (CO)CA(CO)NH CONH CANH 

S/N Ranges 5-34 5-31 6-39 5-28 5-22 5-20 

S/N average 10.94 8.61 14.53 13.28 10.8 8.2 

Experimental 

time 

~1.5d ~1.5d ~6d ~3d ~3d ~3d 

Recycle 

Delay 

0.6s 0.6s 0.6s 0.6s 0.8s 0.8s 

Number of 

scans 

12 12 64 32 24 24 

. 

 

4.2) Assignments 

 Assignments in the UCND sample 

De novo assignments based on the four experiments were carried out for the UCND 

sample. First, COi-1-Ni-Hi-CAi spin systems were built by matching Ni-Hi chemical shifts 

detected in the CONH and CANH experiments as shown in Figure 4.3A. These COi-1-Ni-Hi-CAi 

spin systems were then extended to include CAi-1 and COi spins by matching Ni-Hi chemical 

shifts of the spin systems detected in the (CO)CA(CO)NH and CO(CA)NH experiments (Figure 

4.3A), resulting in the 6-spin CAi-1-COi-1-Ni-Hi-CAi-COi fragments shown in Figure 4.3B. The 

extended 6-spin systems were consequently linked together by simultaneously matching CAi and 

COi resonances as shown in Figure 4.3C, giving rise to contiguous fragments which include 

several amino acids.  In Figure 4.4 we show an example of two such a backbone walk for 

residues K60-Q66 of the BC loop which contains a short beta-hairpin comprising residues V61-

I6733, and for residues K216-K221 located within helix G.  
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Figure 4.3: A) A cartoon representation of the 4 experiments that are required to establish correlations between the 

CAi-1, COi-1, CAi, COi Ni, and Hi spins. Atoms correlated in each experiment are shown in blue.  Matching of the N 

and H spins observed in all 4 experiments allow for the extended CAi-1-COi-1-Ni-Hi-CAi-COi system indicated in B. 

Matching CAi-1, COi-1 of one system to CAi, COi of another as shown in C, creates an extended system. This process 

is repeated to complete longer chains until carbons cannot be matched. 
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Figure 4.4. Representative backbone walks for residues K60-Q66 of the BC loop (A) and K216-K221 (B). The four 

experiments share shifts of 1H and 15N spins, and can be used to construct an extended spin system CAi-1-COi-1-Ni-

Hi-CAi-COi. These spin systems are linked into contiguous fragments by simultaneously matching CA and CO shifts 

as shown by horizontal lines connecting neighbouring residues. 
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  The walk involves the backbone atoms only, CO, CA and N, and unambiguous 

identification of the amino acid type is problematic except for the cases of glycines. However, 

unique information was not available from the backbone chemical shifts in the majority of cases, 

and we resorted to chemical shift matching of the CO, CA and N resonances with the previously 

assigned values17,33.  

In order to correctly assign proton chemical shifts, the previously obtained 13C, 15N 

chemical shifts were adjusted for the isotopic shift effect due to deuteration. The isotopic effect 

of deuteration on carbon and nitrogen shifts can be predicted based on the proximity and number 

of deuterons to respective nuclei77,99,101. Only deuterons up to 3 bonds away from a nucleus of 

interest  (13C or 15N) were included, since it has been shown that further atoms do not induce a 

significant shift 99,100. 

Chemical shifts of contiguous fragments were simultaneously matched to the chemical 

shifts assigned previously and corrected for the isotopic shift effect using Eq. 1, by minimising 

the following target function: 

𝐹 =
1

3𝑁
∑ [

(∆𝐶𝑂,𝑖−1,𝑒𝑥𝑝𝑡 − ∆𝐶𝑂,𝑖−1,𝑐𝑎𝑙𝑐)
2 + (∆𝑁,𝑖,𝑒𝑥𝑝𝑡 − ∆𝑁,𝑖,𝑐𝑎𝑙𝑐)

2

+(∆𝐶𝐴,𝑖,𝑒𝑥𝑝𝑡 − ∆𝐶𝐴,𝑖,𝑐𝑎𝑙𝑐)
2 ]    (2) 

Here,  ∆𝐶𝑂,𝑖−1,𝑒𝑥𝑝𝑡,  ∆𝑁,𝑖,𝑒𝑥𝑝𝑡,  ∆𝐶𝐴,𝑖,𝑒𝑥𝑝𝑡  denote experimentally determined in this work 

shifts for CO, N, CA, respectively;  ∆𝐶𝑂,𝑖−1,𝑐𝑎𝑙𝑐, ∆𝑁,𝑖,𝑐𝑎𝑙𝑐, ∆𝐶𝐴,𝑖,𝑐𝑎𝑙𝑐  are values from the available 

spectroscopic assignments obtained at 7 °C 33,34 and corrected for the isotopic shift effects using 

Eq. 1. The summation extends over all N amino acids within a contiguous fragment.  

Using this procedure, CO, N, CA shifts of 51 residues have been assigned. They are 

distributed in nine fragments containing three or more consecutive residues (Figure 4.5). In 
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Figure 4.6 we show the differences between experimentally determined chemical shifts of CO, 

CA, and N atoms determined in fully protonated and perdeuterated samples.  

Beside the contiguous fragments described above, a number of 23 isolated COi-1-Ni-Hi-

CAi spin systems have been built in the UCND sample. In addition, only two the most sensitive 

experiments, CONH and CANH were recorded on the RAP sample because of the sensitivity 

considerations, and they resulted in 68 additional COi-1-Ni-Hi-CAi spin systems. COi-1, Ni, and 

CAi shifts of these spin systems were corrected for isotopic effects and directly matched to the 

shifts reported for the fully protonated ASR. This exercise resulted in an additional 17 

assignments of the UCND sample and a total of 34 assignments in the RAP sample (Figure 4.5).  
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Figure 4.5. Summary of all assigned amide protons from both UCND and RAP ASR.  

In Figure 4.7 we compare the differences between the experimentally observed and 

theoretically-estimated chemical shifts using Equation 1. The differences between the 

experimentally determined and corrected shifts are within 0.4 ppm for CA, which is well within 

the experimental line width (~0.5-0.7 ppm).  

The assumption that all residues experience the same shift due to deuteration is only an 

approximation. Effects due to secondary structure, changes in the environment as well as long-

range effects of deuteration greater than 3 bonds away98, may cause additional, residue-specific 

chemical shift perturbations. The residuals are larger for nitrogen and carbonyl atoms. This may 

be due to temperature effects (3D experiments were carried out at 30 °C in this work, while 

assignments on a fully protonated ASR were obtained at 5 °C)due to the by the high frequency 

spinning generating significant heating of the sample of the sample.  
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Figure 4.6. Isotopic effect determined as the difference of chemical shifts determined in protonated ASR at 5 °C  

(Murray, 1975; Shi et al., 2011; Wang et al., 2013, BMRB 18959), and in perdeuterated and back-exchanged in 

100% H2O buffer ASR for (A) CA, (B) N, and (C) CO atoms. Residues assigned in contiguous fragments (A55-

H69, M92-I95, T100-I102, K124-R128, L130-Y132, Q157-E160, S188-W192, S209-S214, L216-L221) are shown 

in light grey.  
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Figure 4.7. Residual isotopic shifts calculated as difference between the experimentally observed shifts and shifts 

corrected from previous assignments using Eq. 1.  
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In addition to temperature effects, isotropic chemical shifts of the carbonyls may be 

affected by choice of the magic angle spinning rates 106. Whereas carbonyl shifts are almost 

purely isotropic under the fast spinning of 55 kHz used in this work, they are expected to become 

dependent on the spinning frequency when it approaches any of the rotational resonance 

conditions. Chemical shifts assigned in a protonated ASR sample were collected at the magnetic 

field strength corresponding to a proton frequency of 800 MHz, and at a spinning frequency of 

14.3 kHz (~71.5 ppm at 800 MHz). At this spinning frequency, the chemical shift difference 

between CO and CB may come close to the second rotational resonance condition 107,108, 

generating non-negligible effects on the apparent isotopic chemical shift.  In Figure 4.8, we 

investigate the magnitude of this effect.  

 

Figure 4.8: Isotopic chemical shift perturbations of CO and CB spins caused by the closeness of the Δωiso(CO)- 
Δωiso(CB) chemical shift difference to the second rotational resonance matching condition (Δωiso(CO)- 

Δωiso(CB)~2νr). Carbon spectra of a two-spin system CO-CB were simulated using SIMPSON109 software using the 

following parameters: magnetic field strength of 800 MHz, spinning rate of 14.3 kHz, dipolar coupling of 625 Hz 

corresponding to a two-bond CO-CB distance of ~2.5 Å; CSA anisotropy strengths of 72 ppm and 12 ppm, and 

asymmetry parameters of 0.84 and 0.76 for CO and CB, respectively, and CB was oriented at angles of -39, -77, 53 

with respect to CO110,111.   
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As expected, strong apparent shifts for both CO and CB atoms are detected at the matching 

condition. Even when the R2 condition is mismatched by as much as 1 kHz (~5 ppm), the effect 

of anisotropy can be on the order of 0.2 ppm.  We note that similar deviations were detected in 

proteorhodopsin49. 

 

4.3) Solvent accessibility  

The location of residues detected in the UCND and RAP samples mostly agrees with our 

previously published HD exchange data17,33,112. Alpha-helical bundles form a well-protected core 

whose backbone is either not solvent accessible or protected from exchange by strong hydrogen 

bonds as was confirmed by a number of solid state NMR studies on bacteriorhodopsin113, 

ASR17,33,112, proteorhodopsin49, or human aquaporin 1114. The TM core is also protected from 

HD exchange when membrane proteins are solubilized in detergent micelles, although their 3D 

structures in detergents may differ from those in lipids.  

Residues assigned in the UCND sample are mostly located in the exposed loops and 

flanks of helices, and are in a good agreement with the previous HD exchange experiments 

(Figure 4.8).   

There are many residues, however, that are at least partially exchangeable and are 

expected to be observed in our experiments, but could not be unambiguously identified because 

of spectral overlap or low sensitivity. In addition, there are a few amino acids that showed little 

to no exchangeability in the HD exchange experiments, but do appear to be exchangeable in the 

UCND sample. Notably, there is unusually high density of assignment in the TM helix G 

(sequentially assigned residues S209-S214, L216-L221) and in the FG loop (residues G190, 



 

47 

 

F191, and G192 assigned sequentially de novo (that is, without chemical shift matching), as this 

fragment contains a unique G-X-G motif).   

  

Figure 4.9. (A) Normalized residue-specific cross-peak intensities in the HNCA experiments recorded on 

the UCND (red bars) and RAP (blue bars) samples.  Intensities of the cross peaks detected in RAP sample were 

scaled up by a factor of 3.3. (B) H/D exchange data collected in a fully protonated sample of ASR using three-

dimensional HNCA spectroscopy. Grey bars represent signal intensities in a H2O-based buffer; red bars represent 

signal intensities detected after incubating ASR in the D2O based buffer. Figure 4.9B is reproduced from reference 
115. 

 

Most of these residues are non-exchangeable in the lipid-bound ASR. The discrepancy 

between the HD exchange and back-exchange data is likely related to the different sample 

preparation conditions employed for these types of measurements: back-exchange was 

performed on ASR solubilized in DDM detergent micelles, whereas HD exchange was carried 

out on ASR in the lipid-bound state. Thus, the observed differences likely reflect a different, 

more open conformation of the alpha-helical bundle in detergent, with more exposed (e.g., tilted 
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away from the rest of the bundle) helix G, and of the FG loop in which the backbones of G190, 

F191, and G192 are not protected by hydrogen bonds. This observation correlates with our 

previous observation that helix G becomes nearly completely exchangeable under illumination 

conditions and is likely amenable to move in the process of the photocycle112.  

Assignments obtained in the RAP sample are located in the non-exchangeable parts of the 

protein with the exception of L161 and A162 in helix F. This is likely due to the exchange in the 

RAP being preformed in the detergent micelle environment rather than in the reconstituted 

membrane. Again, this apparent discrepancy with the HD exchange data may be related to the 

structural differences of ASR in the detergent-bound and lipid bound states.   

Low signal to noise appears to correspond to broad peaks indicating that the low signal to noise 

is due to something other than incomplete exchange overall. However, there are a few residues 

within the G helix that have relatively low signal to noise(SINO) and proton linewidth (H-LW) 

and that also exhibit partial deuteration when observed on the H/D exchange data. This 

phenomenon may then be due to partial deuteration. These residues are also in close proximity to 

the shift base, Lys-210 and the highly protonated retinal pocket, which may provide a proton 

network large enough to cause the fast relaxation and therefore low sensitivity. 

 SINO CA-LW N-LW H-LW 

SER-115 12.587 1.074 1.172 0.196 

GLY-116 12.552 0.976 1.563 0.175 

PHE-139 15.513 1.269 1.465 0.231 

Table 1: Proximity of residue is indicated by having ANY atom within 4 or 5 angstroms of retinal. Serine-115, 

glycine-116 and phenalainine-139 are the only residues that are detected in the RAP sample and have the amide 

proton within 5 angstroms of retinal 
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5) Conclusion and Future Directions 
 

In summary, using proton-detected 3D chemical shift correlation spectroscopy, we could 

assign backbone resonances in the 68 residues in the solvent exposed fragments in the UCND 

sample. Because of the lower proton content and lower sensitivity, only 33 residues could be 

assigned in the RAP sample. Comparable proton line widths of 0.1-0.25 ppm could be achieved 

under fast spinning (MAS rates of 55 kHz), comparable to what has been previously reported for 

structurally similar proteorhodopsin under similar conditions116. The linewidths were found to be 

independent on the proximity to the protonated retinal, and consistent with mostly heterogeneous 

effects either due to structural or environmental heterogeneity. This heterogeneous broadening 

limits both the sensitivity and resolution of solid-state NMR measurements:  although most 

resonances could be resolved in three-dimensional NMR experiments, identification of side 

chain resonances was problematic as it requires longer polarization transfers and, therefore, is 

associated with lower sensitivity.  

These observations provide the initial basis for the assignment of protons in ASR. More 

complete assignment will be able to be accomplished with additional experiments such as the 

application of the CO(CA)NH and (CO)CA(CO)NH experiments to the RAP or similar sample 

and (CA)CB(CA)NH and (CA)CB(CACO)NH experiments in both samples to extend the 

systems to include CB, therefore providing a means of identification of amino acids other than 

glycine as has been done by Pintacuda et al.45. These experiments may be made more feasible 

with a move to higher spinning frequencies, allowing for the use of higher protonation levels or 

through the addition of Cu+2 to shorten T1 of protons, allowing for the decrease in the recycle 

delay of experiments and thus greatly shortening the total experimental time. 
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Further development of labeling and experiments can then extend the assigned 

resonances to sidechain protons as well. The RAP sample itself is beneficial for this purpose as it 

has labelling of its sidechains in addition to the backbone60. These assignments can then be used 

in structure determination and refinement since available protons can be used to measure very 

valuable long-range distances. Further 1H-1H measurements can then be used in structure 

determination based solely on proton detected experiments. Furthermore, proton assignments 

provide a means to directly detect water interaction of both bound and solvent waters than may 

be important to proper protein function. Finally, these methods can be applied to other proteins 

to help understand their structure and function in an efficient manner. 
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