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ABSTRACT 
 

DEVELOPMENT OF A PERDEUTERATION PROTOCOL TO STUDY YEAST-PRODUCED 
EUKARYOTIC MEMBRANE PROTEINS USING SOLID-STATE NMR SPECTROSCOPY 

 

David Hansul Park      Advisors: Professor V. Ladizhansky 
University of Guelph, 2017           Professor L. Brown 
 

A number of obstacles exist in the study of eukaryotic membrane protein structure using solid-

state NMR. Firstly, although bacterial hosts are often used to produce proteins due to their rapid 

cell growth, cheap costs, and high expression, there are many difficulties in using bacterial 

expression systems to produce eukaryotic proteins. Bacteria possess a different membrane 

composition to eukaryotes, exhibit improper membrane targeting, and lack the cellular 

machinery to make native-like post-translational modifications—all of which are important for 

proper folding of proteins. Another difficulty that arises with studying membrane proteins is their 

size, the abundance of overlapping peaks, and the broadening of peaks from proton-proton 

coupling. To address the first roadblock, the yeast system, Pichia pastoris, is commonly used, 

among others. This system maintains relatively high cell growth rate, high expression and low 

costs, while offering post-translational modifications and proper folding of eukaryotic membrane 

proteins. To address the second obstacle, deuteration is used. Deuterons are introduced to replace 

many of the protons in the sample, reducing the number of overlapping peaks as well as 

narrowing proton peaks. Compared to the use of deuteration in studying soluble proteins, its use 

in studying membrane proteins in yeast systems like Pichia pastoris remains relatively 

unexplored. Using the Pichia pastoris yeast system and the protein Leptosphaeria rhodopsin, this 

study aims to develop a perdeuteration protocol that addresses the above-mentioned challenges 

to further advance the use of solid-state NMR in membrane protein structural and dynamics 

studies.  
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1. Introduction to Membrane Proteins and Biophysical and Biochemical 

Techniques 
 

1.1. Membrane Proteins 

 

Cell membranes are complex systems that are core components of the cell. In prokaryotic 

organisms, cells often lack internal membranes, and some, like gram-negative bacteria, can have 

both an inner and outer membrane [1]. In eukaryotic organisms, cells have one plasma 

membrane and many internal membranes that separate different organelles [2]. In addition to 

compartmentalizing their internal environment and acting as physical barriers to the external 

environment [3], cell membranes also serve to regulate the transport of materials into and out of 

the cell and intracellular vesicles [4]. This regulatory function can vary from transporting 

essential molecules and ions to signal transduction [5]. Membranes are composed of lipids in the 

form of a phospholipid bilayer and proteins [3]. Annular lipids, which comprise most lipids in 

the membrane, primarily serve to separate the hydrophobic cores of membrane proteins from the 

surrounding aqueous environment and do not interact specifically with the proteins [6]. Non-

annular lipids, however, interact specifically with membrane proteins and are critical to the 

function of membrane proteins; they have been observed to act as cofactors [6] and mediate 

protein-protein interactions [7]–[9]. 

With respect to their association with the lipid bilayer, two types of membrane proteins 

exist: integral and peripheral [10]. Integral proteins typically have hydrophobic membrane 

spanning regions in the form of α-helices or β-barrels [10]. α-helical proteins are commonly 

found in membranes, acting as receptors, channels, as well as transporters [10]. β-barrels made 
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from β-strands, however, are commonly found in Gram-negative bacteria, some Gram-positive 

bacteria, mitochondria, and chloroplasts, and are often involved in passive transport [11]. While 

intrinsic membrane proteins interact with the hydrophobic core of the membrane bilayer, 

peripheral membrane proteins can adhere to the surface by interacting with integral membrane 

proteins or with the polar head groups of lipids [12]; peripheral membrane proteins can also be 

anchored to the membrane by covalently bound lipids [7]. 

Proteins in general are involved in a number of processes in organisms from DNA 

replication [3] to metabolism of nutrients [4]. Consequently, any malfunction in protein function 

can lead to a number of diseases. Given that protein function is very closely tied to its structure 

[2], it is then critical to study the structure of a protein in its functional state. By having an 

accurate understanding of protein structure, we are able to better understand protein function and 

combat diseases that arise from the misfolding or misfunctioning of protein. 

To summarize the importance of studying membrane proteins, they compose a significant 

portion —approximately 30% — of all proteins [13], are critical components of cell membranes, 

and are involved in signaling pathways that have many downstream effects [4]. For these 

reasons, membrane proteins have both biological and medical significance, and a greater 

understanding of them is highly desirable.  
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1.2. Rhodopsins 

 

Rhodopsins are a type of integral membrane protein that bind a retinal chromophore and 

interact with light [14]. They are seven transmembrane α-helical proteins and they are further 

subdivided into two types — type I (microbial) and type II (animal) [14]. Microbial rhodopsins, 

the focus of this study, interact with light to perform a number of functions including acting as 

ion channels and proton pumps [15]. When illuminated, the retinal chromophore in microbial 

rhodopsins undergoes isomerization from an all-trans configuration to a 13-cis, which leads to a 

cascade of conformational changes, also known as the photochemical cycle [14]. During the 

photochemical cycle, or the photocycle, the protein goes through a number of intermediate states, 

each absorbing at characteristic wavelengths denoted as subscripts, e.g., for bacteriorhodopsin 

they are: K610, L550, M410, N560, and O640 [16] (Fig. 1) [16]. Because of the ease of production of 

rhodopsins, they have been used to study common functions of membrane proteins like ion 

transport and sensory functions. Bacteriorhodopsins have been used as models for membrane 

proteins in the past like G-protein-coupled receptors (GPCRs) [17], whose function involves the 

use of their coupled G-proteins for downstream intracellular responses [4]. BR has also been 

used to develop many techniques to conduct structural studies, ranging from electron microscopy 

[18] to NMR [19],[20],[21],[22]. Type I rhodopsins were often studied to gain a deeper 

understanding of their counterparts, type II rhodopsins [15].  
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Figure 1. Representation of the photochemical cycle of microbial rhodopsins. The particular 
rhodopsin shown in the figure is bacteriorhodopsin (BR), which shows six distinct states, BR, K, 
L, M, N, and O. Reprinted from [23] with permission from Elsevier. 
 

Type II, or animal rhodopsins, have thus far only been found in higher eukaryotic 

organisms such as animals. Type II rhodopsins mainly bind to the 11-cis form of retinal, but can 

also bind the all-trans-retinal [24]. Type II rhodopsins primarily function as visual receptors in 

animals [25]–[27], but also perform non-sensory functions in processes like circadian rhythms 

and pupillary reflex [28]. These rhodopsins are also of interest because they belong to a specific 

class of membrane proteins called G-protein coupled receptors (GPCRs) [14]. GPCRs are 

responsible for the transduction of signals across the cell membrane and are involved in a 

number of critical processes in organisms including autonomic nervous system response and 
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immune response [29]. Because of GPCRs’ roles in signaling pathways, there is significant 

research surrounding them as drug targets for human diseases [30].  

 

1.3. Light Spectroscopy 

 

Light spectroscopy harnesses the absorption of photons by the sample (e.g. proteins, 

small molecules, etc.) and observes the changes in its electronic configuration as the sample 

transitions from its ground to one or more of its excited states. This technique is typically applied 

in the visible and near UV region and targets chromophores. The absorption by the 

chromophores can be used to measure their quantity in samples. The chromophores’ 

characteristic absorption maxima can change, however, based on the protein’s environment, 

which includes factors like temperature, polarity, and pH [31]. As mentioned earlier, rhodopsin 

has a chromophore called retinal at the core of its transmembrane helices, which absorbs at 

different wavelengths depending on its isomeric conformation, its environment, and protonation 

of its Schiff base. Quantifying the amount of protein becomes possible with visible spectroscopy 

using Beer’s law [32]. With rhodopsins, this can be done by taking advantage of the known 

absorption wavelength of the all-trans isomer of retinal, the extinction coefficient of retinal, and 

the molecular weight of the protein. In addition to estimating protein quantity, Beer's law can 

also be used to estimate protein purity by comparing the absorbances of the chromophore and 

that of the aromatic sidechains. For example, a 2:1 ratio between the peak at approximately 280 

nm (which is the result of the rhodopsin’s aromatic side-chains absorbing at 280 nm) and the 

peak at approximately 530 nm (due to retinal absorption in rhodopsin at 530 nm) indicates a pure 

LR sample (Fig. 2). This characteristic 2:1 ratio is a property of opsins; because opsins have 
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these two extinction coefficients and many, although not all, other proteins have only the one at 

280 nm, an increased peak at 280 nm can be an indication that there are other proteins in the 

sample or that the opsin of interest has denatured [33]. This ability to estimate quantity and 

purity makes it extremely convenient when optimizing the sample preparation process using an 

unfamiliar expression system. Although other methods of estimating protein quantity and purity 

such as SDS-PAGE are very commonly used, they are relatively more time-consuming and 

imprecise.  

 

Figure 2. UV Vis spectrum showing a typical curve for purified LR. Aromatic side-chain peaks 
absorb at approximately 280 nm, and LR-bound retinal absorb at approximately 530 nm. By 
comparing the absorbances at the two peaks, one can assess the purity of the sample. 
Background is taken into consideration by taking the absorbance of elution buffer (the 
purification buffer) and subtracting it from the absorbance of the purified LR. This background 
subtraction is typically done by the spectrophotometer. 
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1.4. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

 

SDS-PAGE is a powerful biochemical technique that can be used to assess the quantity 

and purity of a protein sample [34]. Sodium dodecyl sulfate is the main ingredient used in this 

technique, and is an anionic detergent that disrupts the interactions that compose complex 

structures, linearizes the structures, and coats proteins with a negative charge proportional to 

their molecular mass [34]. These linearized polypeptides are run through an electric field and are 

separated in the process by the gel whose pore sizes can be varied to one’s needs [34]. With 

membrane proteins, SDS does not fully linearize the proteins; as the membrane proteins remain 

partially folded, they are able to traverse the gel matrices more easily, and appear slightly smaller 

relative to their actual molecular masses [35]. 

Despite the difference in the effect of SDS coating on soluble and membrane proteins 

described above, for both types, polyacrylamide gel matrices separate smaller molecules relative 

to larger molecules [34]. Although the charge of the applied SDS is roughly proportional to the 

mass of the polypeptides, the separation is almost entirely dependent on the molecular mass 

because the limiting factor in the polypeptides’ mobility is their mass; this results in smaller 

molecules traveling farther in gels [34]. Proteins of known size and quantity called protein 

markers are then used as controls to determine the approximate size and quantity of proteins in 

the loaded samples. As molecules of different sizes are separated out differently on the gel, 

purity can be assessed by taking note of the bands present on the gel. Highly pure samples would 

produce a single band, whereas impure samples would produce multiple bands. This can be 

particularly useful for monitoring the process of protein purification. As one progresses from the 

membrane fractions stage to the solubilized stage to the purified stage, the loss of contaminating 
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molecules can be tracked. This allows one to troubleshoot and optimize the purification method 

as it gives a visual aid to which step(s) most require(s) optimizing. The quantity of protein in a 

particular band can also be estimated using programs like GelAnalyzer [36]. The software is able 

to estimate protein quantity based on band thickness and intensity. 

  

1.5. Fourier Transform Infrared Spectroscopy 

  

Using FTIR, one is able to observe the vibrations of atomic pairs in large molecules, 

which have characteristic group frequencies [37]. These characteristic frequencies correspond to 

different chemical bond types. From this information, one can determine secondary structure, 

quality or purity, chemical environment, as well as the quantity of the sample. Infrared 

spectroscopy itself has been a commonly used technique for over seventy years. FTIR was 

introduced as a way to overcome limitations of simple IR spectroscopy, primarily the slow 

wavenumber scanning process and low light throughput of dispersive instruments [38]. FTIR is 

able to speed up the scanning process by measuring all of the infrared frequencies 

simultaneously rather than individually. This is done using a device known as an interferometer. 

The interferometer produces a unique type of signal containing all of the infrared frequencies. 

The interferometers use a beamsplitter, which splits incoming infrared beam into two. One beam 

is reflected off a fixed mirror such that the beam travels a fixed distance. The other beam is 

reflected off a moving mirror such that it travels a variable distance. When the two beams come 

together, their interference generates this unique type of signal called an interferogram, which 

has the property that every data point has information about every infrared frequency which 

comes from the source. This new beam is then directed at the sample, which absorbs some 
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characteristic frequencies. Finally, the resultant interferogram can be transformed using Fourier 

transformation to produce a final spectrum from which information like secondary structure, 

extent of labeling, and protein-to-lipid ratio about the sample can be obtained, which is 

elaborated on below.  

Measuring these infrared frequencies simultaneously in this way allows signal to be 

measured on the order of 10 milliseconds — a large improvement over previously measuring 

signal individually at each frequency [38]. With faster measurements, sensitivity and signal-to-

noise ratio are increased, which help immensely in analyzing the frequency ranges of interest in 

the context of protein studies. One frequency range of interest is the carbonyl stretch group peak 

for lipid esters, which appears at 1700-1800 cm-1
 [39]. Another is the amide I region, which 

appears between 1600 and 1700 cm-1 and corresponds to the C=O stretching vibrations of the 

protein backbone (Fig. 3) [40]. The position of the amide I peak can be used to determine the 

secondary structure of the protein [40]. The amplitude of the two aforementioned peaks, the lipid 

peak and the amide I peak, can be used to determine the protein to lipid ratio in proteoliposomes 

[39],[41]. The amide II region, which appears between 1510 and 1580 cm-1 (Fig. 3) [40], 

corresponds to the backbone C-N stretching coupled with the in-plane N-H bending; this can be 

used to get more insight into the secondary structure of the protein and to monitor the extent of 

H/D exchange of the backbone. 
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Figure 3. Example FTIR spectrum of a membrane protein after subtraction of the water signal. 
Peaks of membrane protein FTIR spectrum, especially the amide I and amide II peaks, are 
characteristic of the protein and give secondary structure information [37]. 
 

Based on the relative intensities of the lipid ester and amide peaks described above, the 

stability of the proteoliposome can be assessed using FTIR. Additionally, FTIR can also be used 

to detect isotopic labeling via amide peak shifts. 13C labeling in proteins causes the amide I and 

II peaks to shift to a lower wavenumber, while 15N labeling causes the amide II peak to shift 

downward [39]. Deuteration also splits and downshifts a part of the amide II peak [42]. This is 

particularly useful prior to running SSNMR to assess the labeling efficiency of the sample, as 

this can drastically impact SSNMR results. These advantages in addition to FTIR’s ease of use 

makes it an effective technique to use as a control for the sample quality prior to SSNMR 

studies. 
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Table 1 – Characteristic Absorptions for Various Functional Groups in IR spectroscopy. 
Strength of signal are represented by strong (s), medium (m), and weak (w) [43]. 

Functional Group Characteristic Absorption(s) (cm-1) 
Alkyl C-H Stretch 2950 – 2850 (m or s) 

Alkenyl C-H Stretch 3100 – 3010 (m) 
Alkenyl C=C Stretch 1680 – 1620 (w) 
Alkynyl C-H Stretch ~3300 (s) 
Alkynyl C≡C Stretch 2260 – 2100 (w) 
Aromatic C-H Stretch ~3030 (w) 

Aromatic C-H Bending 860 – 680 (s) 
Aromatic C=C Bending 1700 – 1500 (m, m) 

Alcohol/Phenol O-H Stretch 3550 – 3200 (broad, s) 
Carboxylic Acid O-H Stretch 3000 – 2500 (broad, w) 

Amine N-H Stretch 3500 – 3300 (m) 
Nitrile C≡N Stretch 2260 – 2220 (m) 

Aldehyde C=O Stretch 1740 – 1690 (s) 
Ketone C=O Stretch 1750 – 1680 (s) 
Ester C=O Stretch 1750 – 1735 (s) 

Carboxylic Acid C=O Stretch 1780 – 1710 (s) 
Amide C=O Stretch 1690 – 1630 (s) 
Amide N-H Stretch 3700 – 3500 (m) 

 

1.6. Solid-State Nuclear Magnetic Resonance Spectroscopy 

 

1.6.1. Fundamentals of SSNMR Spectroscopy 

 

There are several commonly used techniques to study the structure of macromolecules. 

X-ray crystallography is the leading method that has been used to elucidate the majority of 

known structures [44]. Despite the effectiveness of X-ray crystallography in studying protein 

structure, it is limited by its need for large crystals. In such cases, especially with soluble 
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proteins, methods like solution NMR and electron microscopy (EM) are also commonly used. 

These methods, however, possess other disadvantages when studying the structure and dynamics 

of membrane proteins; insoluble proteins in large protein-detergent micelle complexes tumble 

too slowly in solution NMR to average out anisotropic interactions that will be discussed shortly, 

and cryo-temperatures required by EM can affect the dynamic motions of membrane proteins.  

SSNMR provides an alternate solution for structure determination, and samples are also able to 

mimic the native cellular membrane environment more closely using this method, allowing the 

study of the protein’s dynamics as well. As evidenced by numerous studies in the literature [45]–

[54], SSNMR is a powerful technique that is well suited to the studying of membrane proteins. 

The phenomenon of nuclear magnetic resonance was first observed in inorganic, simple 

molecules by Isidor Rabi in 1938 [55]. Rabi et al. published a method to measure nuclear 

magnetic moment with the use of a constant magnetic field and an orthogonally applied 

oscillating magnetic field; using this method, they observed the resonance peaks of Li and Cl 

[55]. These findings were later improved upon by Felix Bloch and Edward Mills Purcell [56]. 

Bloch and Purcell discovered that nuclei like 1H could absorb radio frequency waves in 

resonance, by jumping to discrete higher energy spin states. They observed that these resonances 

occur at differing but specific energy levels, and later found that this occurs depending on the 

nuclei's unique chemical environment. Although NMR began with inorganic liquids and solids, 

today, it is used commonly with organic materials as well, including biological systems like 

proteins. 

The following attempts to give a brief overview of the basic principles of SSNMR 

spectroscopy. For a more detailed consideration of the topic, the reader is recommended to 

consult the many excellent references available [57]–[59]. 
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NMR experiments of interest in this study deal with nuclei with spin-1/2, corresponding 

to an odd mass number, 1H, 31P which are naturally present in biomolecules, or 13C and 15N that 

can be exogenously introduced during synthesis to replace 12C, 14N isotopes. With these nuclei, 

several interactions affect NMR spectra and need to be considered — Zeeman, chemical shift, 

dipolar, indirect spin-spin, and interaction with the radio frequency field. Chemical shift, dipolar 

and indirect spin-spin interactions are intrinsic, whereas the other two are from the external static 

and time-dependent magnetic fields. Each interaction is briefly discussed below.  

 

 
 

Figure 4. Visual representation of various interactions present in spin ½ systems that are 
observed in NMR spectroscopy. An external static magnetic field B0 is applied to the system, and 
results in two energy levels of uneven populations that leads to a net magnetization, which 
results in detectable NMR signal. This energy level split is called Zeeman splitting. When placed 
in an external magnetic field, electrons generate their own local fields. The total magnetic field 
experienced by the nuclear spins is the sum of both the external magnetic field and the local, 
weak magnetic fields generated by the surrounding electrons. The resulting difference in the 
Larmor frequency due to this local field in addition to the external magnetic field compared to 
the external magnetic field alone is called chemical shift and allows nuclei of the same kind to be 
differentiated based on their environment. Magnetic moments of spins in close proximity also 
interact directly through space, and this interaction is known as dipolar coupling. 



 14 

1.6.1.1. Zeeman Interaction 

 

The interaction between the nuclear spins and the external, static magnetic field is known 

as the Zeeman interaction. For spin-1/2 it results in two energy levels denoted as α and β, which 

correspond to two projections of the spin 𝑚 = ±1/2 onto the z-axis (Fig. 4). The Zeeman 

interaction is orders of magnitude larger than the intrinsic interactions mentioned earlier. The 

interaction can be described by the Hamiltonian 

𝐻( = ℏ𝜔+𝐼(      (1) 

where 𝜔+, the Larmor frequency, is given by 

𝜔+ = −𝛾𝐵+      (2) 

and 𝛾 is the gyromagnetic ratio of the nucleus, 𝐵+ is the strength of the magnetic field chosen to 

be along the z-axis, ℏ is the Planck’s constant, and 𝐼( is a spin ½ operator. The Larmor frequency 

is equal to the energy difference between the α and β eigenstates. These two states have energies 

given by 

𝐸1 = − 2
3
ℏ𝛾𝐵+,			𝐸6 =

2
3
ℏ𝛾𝐵+    (3) 

whose populations are respectively defined by the Boltzmann distribution, 

𝑛1 = 𝑁𝑒
:;<
=>?,			𝑛6 = 𝑁𝑒

:;@
=>?             (4) 

where 𝑘B is the Boltzmann constant, and 𝑇 is temperature, and N is the total number of spins. 

Inequalities in the populations of the two states give rise to a net magnetization, 𝑀+, which can 

be approximated under high temperatures (~278 K) relevant to NMR experiments by 

𝑀+ ≈
FℏGHGBI
JK>L

      (5) 

Given this approximation, the resulting magnetization, and the strength of the signal, then 



 15 

depends on the gyromagnetic ratio of the nuclei, the strength of the magnetic field, the number of 

atoms, and the temperature. The signal’s dependence on the gyromagnetic ratio of the nuclei 

explains the motivation behind one of the objectives of this study — proton detection. Proton 

detection is highly desirable, as the magnitude of the gyromagnetic ratio of 1H is the highest 

among all stable isotopes and is nearly four times that of 13C and ten times that of 15N.  
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1.6.1.2. Chemical Shift Interaction 

 

The external magnetic field not only affects the nuclei, but also affects the surrounding 

electrons. The electrons’ motions create local, weak magnetic fields. The total magnetic field 

experienced by the nuclei is the sum of the external magnetic field and the local, weak magnetic 

field from the electrons. The difference in the resulting Larmor frequency is known as chemical 

shift, and this allows nuclei of the same type to be distinguishable based on their local, electronic 

environment. Chemical shift has an anisotropic, or orientation-dependent, component and an 

isotropic, or orientation-independent, component. Generally, the chemical shift Hamiltonian is 

given by 

𝐻MN = −𝛾𝐼𝜎𝐵      (6) 

where 𝐼 is the spin angular momentum, 𝐵 is the external magnetic field, and 𝜎 is the chemical 

shielding tensor given in an arbitrary frame by 

𝜎 =
𝜎PP 𝜎PQ 𝜎P(
𝜎QP 𝜎QQ 𝜎Q(
𝜎(P 𝜎(Q 𝜎((

             (7) 

Given that the external magnetic field is taken to be along the z-axis, the above Hamiltonian is 

simplified to 

𝐻MN = 𝛾𝐼P𝜎P(𝐵+ + 𝛾𝐼Q𝜎Q(𝐵+ + 𝛾𝐼(𝜎((𝐵+           (8) 

As previously mentioned, the Zeeman interaction is the most dominant interaction by orders of 

magnitude. As such, an approximation can be made such that the terms that do not commute with 

the Zeeman Hamiltonian are neglected; this is called secular approximation, which leaves 

𝐻MN = 𝛾𝐼(𝜎((𝐵+               (9) 
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Here, the 𝜎(( can be expressed in a more standardized way by considering the principal axis 

system (PAS) of the chemical shift interaction. In this frame of reference, the chemical shielding 

tensor is 

𝜎 =
𝜎22 0 0
0 𝜎33 0
0 0 𝜎TT

          (10) 

where the three non-zero components are called the principal components and define the 

interaction’s axes of symmetry. 𝜎(( can be expressed in terms of these three principal 

components by considering rotations about three Euler angles, 𝛺 = 𝛼, 𝛽, 𝛾 . Upon rotating the 

chemical shielding tensor from the PAS to the lab reference frame (the frame of reference at 

which the spectrometer is at rest and the external magnetic field is defined to be along the z-

axis), the isotropic and anisotropic components of chemical shift are given by 

𝐻MN = 𝛾𝐼(𝐵+ 𝜎XYZ +
2
3
𝛿 3cos3𝛽 − 1 + 𝜂 sin3 𝛽 cos 2𝛼            (11) 

𝜎XYZ =
2
T
(𝜎22 + 𝜎33 + 𝜎TT)             (12) 

𝛿 = 𝜎TT − 𝜎XYZ     (13) 

𝜂 = effgeGG
h

               (14) 

where 𝛿 is the anisotropy parameter, and 𝜂 is the asymmetry parameter. From equation (11), it is 

apparent that the origin of static anisotropic line broadening is the anisotropic component of the 

chemical shift interaction which contains information about the local electronic environment of 

nuclei. This component is averaged out in MAS NMR experiments, which will be discussed in 

detail later. 
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1.6.1.3. Dipolar Interaction 

 

Dipolar interactions are the direct through-space interactions between the magnetic 

moments of spins. As this interaction depends on the distance between the interacting nuclei, it 

holds very important structural information. The secular form of the Hamiltonian describing the 

homonuclear and heteronuclear dipolar interactions for two interacting spins 𝐼 and 𝑆 are as 

follows respectively 

𝐻jj = 𝑏jN
T lmnG og2

3
[2𝐼q𝑆q −

2
3
𝐼r𝐼g + 𝐼g𝐼r ]           (15) 

𝐻jN = 𝑏jN
T lmnG og2

3
2𝐼q𝑆q           (16) 

where 𝜃 is the angle between the external magnetic field and the vector representing the 

interaction between 𝐼 and 𝑆, and 𝑏jN is given as 

𝑏jN = −ℏ uIHvHw
Jxyvw

z      (17) 

where 𝜇+ is the magnetic constant, 𝛾j and 𝛾N are the gyromagnetic ratios, 𝑟jNT  is the internuclear 

distance, and 

𝐼± = 𝐼P ± 𝑖𝐼Q               (18) 

As the dipolar interaction depends on the angle of the vector representing the interactions 

between nuclei and the external magnetic field, a wide range of possible values of the precession 

frequency are observed, which results in a powder pattern. 

  

  



 19 

1.6.1.4. J-Interaction 

 

In SSNMR, J-interactions are the weakest of the interactions discussed so far. They are 

the indirect interactions between spins of nuclei through their bonding electrons. The 

Hamiltonian to describe J-interactions is given as 

𝐻~ = 2𝜋𝐽𝐼q𝑆q              (19) 

Although this type of interaction is much weaker than dipolar interaction, when dipolar 

interactions are sufficiently averaged out, J-interaction results in peak splitting, or in cases of 

broader lines in the solid state, in additional line broadening.  

 

1.6.1.5. Radiofrequency Pulses 

 

To generate and detect NMR signal, the spin system must be perturbed from its 

equilibrium state, at which point the spins will undergo what is known as Larmor precession at 

their unique Larmor frequencies based on their unique chemical shifts. This precession generates 

currents in the receiver coil, which is then registered as a free induction decay (FID) by the NMR 

spectrometer. Fourier Transform is applied to the FID to produce spectra. RF pulses can be 

applied to manipulate the spins of different types of nuclei, some of which will be discussed 

later. To perturb the system from its equilibrium state, a time-dependent magnetic field with 

frequency close to the Larmor frequency is applied in the form of a pulse whose Hamiltonian is 

described as 

𝐻y� = 𝜔2𝐼P cos 𝜔y�𝑡 + 𝜑              (20) 
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Here 𝜔2	is the strength of the applied field expressed in frequency units, 𝜔y� is the frequency of 

the applied pulse, and 𝜑 is the phase of the applied pulse.  

 

1.6.2. Magic Angle Spinning 

 

In solution NMR, the rapid tumbling of the molecules averages out anisotropic, or 

orientation-dependent, interactions. In SSNMR, however, this is not the case and anisotropic 

interactions must be removed to decrease line broadening. To average out anisotropic 

interactions in SSNMR, the sample is physically spun about an axis tilted at an angle of 54.74° 

(Fig. 5), known as the magic angle, with respect to the external magnetic field [60],[61]. This 

experiment, called the Magic Angle Spinning (MAS) experiment, results in time modulation of 

the dipolar and chemical shift Hamiltonians [62]. The time modulation of the chemical shift 

Hamiltonian can be described as: 

 

𝜔MN� 𝑡 = −𝜔jN� − 𝜔j[𝑔2MN� cos 𝜔�𝑡 + 𝜙2 + 𝑔3MN� cos 2𝜔�𝑡 + 𝜙3 ]        (21) 

 

where 

 

𝑔2MN� =
T
3
YX�3o� n��6

3
𝜂 cos 2𝛾 + 3 3 cos3 𝛽 + 𝜂3 sin3 2𝛾 2/3  (22) 

𝑔3MN� =
T
3
n��G o�

3
T
3
sin3 𝛽 − �

3
cos 2𝛾 1 + cos3 𝛽

3
+ 𝜂3 cos3 𝛽 sin3 2𝛾

2/3
   (23) 

𝜙2 = 𝛼 + 𝜓2              (24) 

𝜙3 = 2𝛼 + 𝜓3               (25) 
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tan𝜓2 = 𝜂 n�� 3H
� lmn 3HrT lmn6

           (26) 

tan𝜓3 = −𝜂 lmn6 n�� 3H
z
G n��G 6g�G lmn 3H(2rlmn

G 6)
       (27) 

 

Here, 𝜔� = 2𝜋𝑣� is the angular frequency of the rotation expressed in radians per second, 𝜔jN� 

is the isotropic component, 𝜔j = 𝜔+𝜎TT − 𝜔jN� is the anisotropy strength, 𝛼, 𝛽, 𝛾 are Euler 

angles defining the chemical shift anisotropy tensor in the laboratory frame, 𝜃� ≈ 54.7° is the 

magic angle, and 𝜂 is the asymmetry parameter given by: 

𝜂 = effgeGG
ezzgevw�

                (28) 

 

Similarly, the time modulation of the dipolar Hamiltonian can be described as: 

 

𝜔� 𝑡 = 𝑏jN(𝑔+ + 𝑔2 cos 𝜔y𝑡 + 𝜑 + 𝑔3 cos 2𝜔y𝑡 + 2𝜑 )            (29) 

 

where 

 

𝑔+� =
(T lmnG og2)

3
(T lmnG o�g2)

3
              (30) 

𝑔2� =
T
J
sin 2𝜃� sin 2𝜃         (31) 

𝑔3� = − T
J
sin3 𝜃� sin3 𝜃           (32) 

 

Here, 𝜔y is the frequency of the spinning, 𝜃� is the angle between the rotor axis and the external 

magnetic field, 𝜃 is the polar angle of 𝑟jN in the rotating reference frame. The 𝑔+ term is time-
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independent and contributes to the anisotropic broadening. It vanishes if 𝜃� is set to cosg2 2
T
≈

54.7°.  Sidebands seen in Figure 5 originate from the time-dependent terms in Eqs. 31-32. With 

MAS applied, the powder spectra are first split into a prominent centerband and multiple 

sidebands. As the spinning frequency is increased, the intensity of the sidebands is diminished, 

and a single centerband is observed when the spinning frequency greatly exceeds the dipolar and 

chemical shift anisotropy strengths. 

 

MAS is able to average out or virtually eliminate the anisotropic interactions between all nuclei 

except protons. Homonuclear proton dipolar interactions do not get fully averaged out by MAS 

because of their high gyromagnetic ratio and the number of such interactions typically present in 

samples. Although faster MAS can help [63]–[65], deuteration, as mentioned before, is another 

effective method to dilute protons, and reduce these proton dipolar interactions by replacing the 

protons with deuterons, ultimately leading to higher resolution spectra. 
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Figure 5. (Top) Schematic of the SSNMR sample spinning at the magic angle with respect to the 
applied magnetic field. Spinning at the magic angle with respect to the magnetic field averages 
out the anisotropic components of chemical shift and dipolar interactions. (Bottom) 15N Spectra 
of backbone amides simulated with SPINEVOLUTION [66] by Daryl B. Good. Dipolar coupling 
constant of 11.5 kHz, which corresponds to backbone N-H internuclear distance of 1.01 Å, was 
used.  
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1.6.3. Multidimensional NMR Spectroscopy 

 

In addition to MAS, multidimensional NMR spectroscopy is also used to resolve peaks in 

solid-state NMR experiments. Although MAS helps tremendously in resolving individual 

resonances, multidimensional NMR spectroscopy must often be used when studying large 

macromolecules like proteins. In one-dimensional NMR spectroscopy, each peak corresponds to 

a single unique Larmor frequency, which in a protein results in a large spectral overlap (Fig. 6 

left panel); this makes it impossible to tease out which peaks correspond to which residues and to 

ultimately gather much structural information. In two-dimensional NMR spectroscopy, however, 

the correlation of the chemical shifts of multiple spins is also observed, and the overlapping 

peaks are spread over a second dimension, which allows many more peaks to be resolved (Fig. 6, 

right panel).  

Establishing correlations between nuclear spins in multidimensional spectroscopy 

requires transfer of polarization between nuclear species. One widely used method in solid state 

NMR involves the process called cross-polarization (CP), which was first introduced by 

Hartmann and Hahn in 1962 [67], and extended by Pines, Gibby and Waugh [68], and Schaefer 

and co-workers [69].  Under MAS conditions, signal transfer is done by satisfying the equation 

below called the Hartmann Hahn condition [67]: 

𝜔j ± 𝜔N = 𝑛𝜔y             (33) 

where 𝜔j and 𝜔N are the frequencies of the applied radiofrequency pulses to spins 𝐼 and 𝑆 

respectively, 𝑛 = 0,±1,±2, and 𝜔� is the spinning frequency of the sample about the axis tilted 

at the magic angle. An example of the use of CP to conduct two-dimensional spectroscopy is the 



 25 

transfer of polarization from protons to nitrogen atoms, an experiment commonly known as 2D 

HN (Fig. 6). 

 

 
Figure 6. Comparison of one-dimensional 1H spectrum (left) and two-dimensional 1H-15N 
correlation spectrum (right) of UCND-LR back-exchanged in H2O buffer. Multidimensional 
spectroscopy allows isolation of otherwise overlapping peaks over additional dimensions making 
it easier to assign peaks. 
 

Similar to the above HN experiment — which will be elaborated in the methods section 

— another example of the use of CP to conduct two-dimensional spectroscopy is the NCA 

experiment (Fig. 7). In this experiment, polarization is transferred from proton spins to nitrogen 

spins using proton-nitrogen cross-polarization to produce a transverse magnetization. The 

nitrogen spins are then allowed to evolve under only the chemical shift interaction for a time 

period 𝑡2, and the chemical shifts of the nitrogen spins are recorded in the phase of the 

magnetization. A second CP step is performed, transferring polarization from the nitrogen spins 
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to CA spins. The CA spins are then allowed to evolve freely for time period 𝑡3. During 𝑡3, the 

FID of CA is directly observed. The above is repeated for a range of 𝑡2 values, and the data is 

Fourier transformed to obtain the 2D correlation spectrum. The above process to obtain a 2D 

correlation spectrum can be extended to higher dimensions to disperse more peaks over 

additional dimensions to further increase spectral resolution. 

 

 

Figure 7. 2D NCA Pulse Sequence. Polarization is first transferred from proton spins to nitrogen 
spins. This is done by ramping the field in the proton dimension while keeping that in the 
nitrogen dimension constant to satisfy the Hartmann-Hahn condition experimentally. At this 
point, the chemical shifts are recorded. Polarization is then transferred from nitrogen spins to 
carbon spins, where it is detected directly. The above pulse sequence results in the correlation 
between nitrogen and carbon spins, producing a 2D correlation spectrum on which peaks are 
spread across both the nitrogen and the carbon chemical shift dimensions. 
 
 
 
1.7. Isotopic Labeling and Deuteration 

 

As mentioned previously, the type of NMR experiments that are of interest for this 

project requires the use of nuclei with spin ½. As the naturally abundant 12C and 14N are not spin 
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½, it is necessary to label samples (i.e. replace the 12C and 14N) using their stable isotopic 

counterparts, 13C and 15N. Although the naturally abundant 1H is spin ½, its prevalence and 

strong homonuclear dipolar interactions result in broad line widths and low signal-to-noise, as 

previously mentioned. One particular form of isotopic labeling that is used to combat this 

problem is deuteration. Two major classes of deuteration methods exist — perdeuteration and 

fractional deuteration [58]. Complete deuteration, or perdeuteration, replaces approximately 99% 

of all protons with deuterons in the sample, and is followed by the re-introduction, or back-

exchange, of much fewer protons into the exchangeable sites, such as backbone and sidechain 

nitrogen atoms [58]. Fractional deuteration can be subdivided into random fractional deuteration 

and targeted deuteration. Random fractional deuteration, in contrast to perdeuteration, replaces 

some fraction of the protons with deuterons in the sample within the confines of the expression 

system’s metabolic pathway prior to back-exchange. For example, using media composed of 

50% D2O and 50% H2O with a certain expression system that uses H2O for 80% of the protons 

of the protein of interest will replace approximately 40% of the entire sample’s protons with 

deuterons at random. Targeted deuteration/protonation, as its name suggests, 

deuterates/protonates specific sites such as methyl groups [70]. The deuteration method of 

interest in this project is perdeuteration. Figure 8, which shows 1H-15N heteronuclear correlation 

spectra of proteorhodopsin (PR), is an example of the use of perdeuteration [71]. This figure 

shows the effects of increased MAS rate (from 14 kHz to 28 kHz) and perdeuteration with back-

exchange (100% of protons back-exchanged to 40% of protons back-exchanged) separately and 

together. Panel (a), which shows a spectrum obtained with the slower MAS rate and no 

deuteration in the sample’s exchangeable sites, does not have any clearly resolved peaks and thus 

does not report any linewidths. Panel (c), which shows the result of an increase in MAS rate 
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while maintaining 100% of protons back-exchanged, contains some resolved peaks, reporting 

linewidths between 0.20 and 0.30 ppm. Panel (b), which shows the effects of deuteration in the 

sample’s exchangeable sites with the slower MAS rate, contains resolved peaks as well, 

reporting linewidths between 0.15 and 0.25 ppm. With both deuteration and higher MAS rate, 

many more peaks become resolved and linewidths between 0.10 and 0.15 ppm are reported. 
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Figure 8. 1H-15N heteronuclear correlation spectra of proteorhodopsin (PR). The four panels 
show the effects of faster MAS and deuteration. Panels a and b show spectra obtained from 14 
kHz spinning, while panels c and d show higher resolution spectra obtained with 28 kHz 
spinning. Similarly, panels a and c show 100% of the protons back-exchanged, while panels b 
and c show increased resolution spectra with 40% of protons back-exchanged. Reprinted 
(adapted) with permission from [71]. Copyright 2011 American Chemical Society. 
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The primary goal of deuteration is that it allows for proton detection, which has higher 

sensitivity than, for example, carbon detection, as the gyromagnetic ratio for proton is roughly 

four times that of carbon. Proton detection is typically used in solution NMR; however, because 

of the insufficient averaging of strong proton-proton interactions in SSNMR and in large proteins 

in solution NMR, techniques like perdeuteration must often be implemented to perform proton 

detection. Labeling techniques that involve perdeuteration and back-exchange with protons have 

thus expanded the use of NMR in protein structural studies greatly [72]–[78]. Deuteration for 

proton detection in solids was first applied in the study by Pines et al. [79] in which the first 

resolved proton NMR spectrum of polycrystalline ice was presented. Since then, other groups, 

e.g., McDermott et al. [80] and Zheng et al. [81] have performed proton-detected SSNMR on 

organic molecules as well. A major obstacle with proton detection at the time was lack of 

resolution due to insufficient MAS speeds. Although deuteration to dilute the number of 1H-1H 

dipolar couplings could be used to combat this lack of resolution, this introduced other issues 

such as reduced sensitivity due to the lower number of protons contributing to the NMR signal in 

these proton-detected experiments [80]. With technical advancements in the SSNMR 

instrumentation, fast and ultrafast MAS became possible, allowing higher resolution while 

maintaining higher sensitivity with proton detection [74],[76],[78]. Zhou et al. for example 

conducted proton-detected MAS SSNMR spectroscopy of fully protonated β1 immunoglobulin 

domain of protein G (GB1) at 40 kHz which yielded sufficient resolution and sensitivity to make 

full backbone assignments as well as partial side-chain proton assignments [76]. Chevelkov et al. 

investigated the effects of deuteration on the peak line widths by perdeuterating the sample and 

back-exchanging solvent accessible deuterons with protons; they showed that 1H linewidths on 

the order of 17-35 Hz can be achieved at moderate spinning frequencies (8-24 kHz) without the 
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application of homonuclear decoupling [78].  

Despite the advantages of deuteration, some considerations must not be overlooked. For 

one, deuteration has been shown to affect the yield of expressed proteins as well as the 

growing/expression times [82]. Lower expression levels, along with the added costs of growing 

samples in D2O and with deuterated compounds, could require some protocols to be optimized to 

be economically feasible. With longer growing and expression times, resources for growing and 

levels of the inducing agent may need to be monitored. Another factor to consider is that cells 

often need to be adapted to the deuterium environment to keep the expression levels as high as 

possible. In other words, cells are often grown at increasing levels of D2O by inoculating some 

amount from, for example, 25% to 50% to 75% to 100% [82]. 

 

1.8. Expression Systems and Pichia pastoris 

 

In order to successfully deuterate samples, the expression system or host organism is 

another element to consider. The use of deuteration to produce proteins in prokaryotic systems 

for NMR studies is not new and dates back to the 1960’s by groups like Jardetzky’s [83], 

although this was to study homologously expressed proteins. The use of bacteria — primarily E. 

coli — for heterologous expression of proteins was then established in the 1980’s [84], which 

revolutionized the way protein studies were done. With the development of recombinant protein 

expression using systems like E. coli, kilograms of animal and plant samples were no longer 

needed to purify minimal amounts of proteins of interest. Additionally, this ability to 

recombinantly produce protein in other hosts also allowed one to introduce deuteration to 

proteins of interest. In the solid-state NMR community, of the many deuteration-related studies 
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done with E. coli, one notable example is its use with a powerful strategy that involves the use of 

deuteration in conjunction with triple-resonance, multi-dimensional NMR spectroscopy of 

uniformly 13C, 15N-labeled proteins. While deuteration has been used in solids in earlier works as 

mentioned before [79]–[81], the first study to utilize deuteration in concert with triple-resonance, 

multi-dimensional NMR spectroscopy was in 1993 by Bax and coworkers when they described 

the 4D HN(COCA)NH experiment that correlated sequential amides [85]. Soon after, several 

other triple-resonance studies utilizing deuteration were developed and chemical shift 

assignments have been achieved for proteins that may have been too large for triple-resonance 

studies without deuteration [86]–[88]. For example, in 1994, Kay’s group developed an HNCA 

pulse sequence for the backbone assignment of 37-kDa trp repressor-DNA complex [87], and 

later in 1996 achieved near complete (>90%) NMR assignment of 15N, 13Cα, 13Cβ, and HN 

chemical shifts of 64-kDa trp repressor-operator complex [88].  

As described above, bacterial hosts, namely E. coli, have thus far been used to study the 

majority of proteins, as bacterial expression systems have rapid cell growth, simple growth 

medium, cheap growth medium, high expression; however, disadvantages like the absence of 

post-translational modifications (PTMs) and misfolding cannot be overlooked when studying 

eukaryotic membrane proteins like G protein-coupled receptors (GPCRs), as the study of PTM-

absent or incorrectly folded protein structures can be misleading and inaccurate. Because 

eukaryotic expression systems like yeast and mammalian cells offer PTMs and proper folding, 

there has been considerable advancement with such hosts. The first uniformly 15N and 13C,15N-

labeled protein from mammalian cells was produced by Hansen et al. [89], shortly followed by 

Lustbader et al. [90] and Shindo et al. [91]. Because mammalian cells require certain essential 

amino acids, they are unable to grow in the type of minimal media used to grow bacteria. 
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Consequently, to produce these isotopically labeled proteins from mammalian cells, isotopically 

labeled amino acids were purified by the above mentioned groups from algae or bacteria grown 

in 15NH4Cl or 13C-glucose or 13CO2. These amino acids were then used to produce labeled 

urokinase from a specific mouse myeloma cell line, Sp2/0 [89]–[91]. 

While mammalian cells do provide PTMs and production of eukaryotic membrane 

proteins in an overall more native-like environment, they are very expensive. Yeast is an 

alternative choice that has been gaining popularity in recent years and is currently the second 

most popular expression system after E. coli. This is primarily because it offers a number of 

advantages such as high expression yields, low labeling costs, expression rates near that of E. 

coli, established genetic manipulation protocols, PTMs, native folding of proteins, as well as its 

ability to grow and express proteins in deuterated media. Of the many yeast expression systems 

available, Pichia pastoris accounts for the largest number of elucidated structures using NMR, 

totalling approximately 40 unique proteins [44]. Compared to other yeast hosts, Pichia was seen 

to produce higher protein yields as well as more native-like glycosylation [92]. Another notable 

yeast host worth mentioning is Saccharomyces cerevisiae, which has been used to elucidate the 

structures of nine unique proteins using NMR [44]. One downside to yeast that is worth noting is 

that they are sensitive to oxygen levels. As such, it is often important to choose the appropriate 

vessel in which to grow cells (e.g. using larger flasks, especially baffled flasks, or fermenters). 

There are several other advantages Pichia pastoris offers, such as protease-deficient strains, 

vectors designed for efficient protein secretion and protein tagging. It grows well on minimal 

media with ammonium salts as sources of 15N labeling and glucose or glycerol as sources of 13C 

labeling [92]. As methanol induces protein expression, 13C-labeled methanol is used in the post-

induction phase. The requirement of methanol, however, does introduce some limitations in 
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labeling, particularly in perdeuteration projects, as 2H,13C-labeled methanol is relatively 

expensive and, being C1 carbon compound complicates alternate labeling allowed by glycerol 

[93]. Protocols that minimize the use of these labeled precursors have been developed to make 

the process as economical as possible. With these protocols, yields of hundreds of milligrams of 

protein have been produced in fermenters and tens of milligrams in flask cultures [94]. With 

regards to deuteration, there have been a number of protocols developed for backbone 

deuteration, complete deuteration as well as selective labeling of specific amino acid types like 

Cys, Leu, Lys and Met [95],[96]. One example of the use of deuteration in Pichia pastoris is the 

study by Morgan et al. that studied the malaria parasite merozoite surface protein-1 (MSP1). The 

cells were adapted at 25%, 50%, 70%, then to 90% and 95% D2O. The last two adaptation steps 

were done over two and three weeks respectively to achieve sufficient biomass. The culture 

tubes were also incubated at a 45˚ angle to increase aeration. With this particular protein, there 

were very high levels of protein expression levels — up to 24 mg/L — although this protein 

cannot be compared to membrane proteins as these are smaller, soluble proteins.  

Pichia pastoris has also been shown to be successful with a number of eukaryotic 

proteins in the past [97]–[99], which shows a lot of promise for its use in NMR studies in the 

future. An example of a successful use of Pichia pastoris as an expression system for solid-state 

NMR is the study done by Fan et al. [39]. The protein chosen for the study is another well-

studied protein — Leptosphaeria rhodopsin (LR). Microbial rhodopsins, like bacteriorhodopsin 

(BR) and LR, have previously been studied and serve as testing grounds for future experiments. 

LR has the distinct advantage of being easily observed spectrophotometrically, due to its bound 

retinal, at approximately 540 nm [100]. LR is also known to have high expression level in Pichia 

pastoris and remains stable and functional upon reconstitution into lipid membranes. The group 
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was able to achieve yields of 5 milligrams of purified uniformly doubly (13C/15N) labeled protein 

per liter of culture, enough for NMR studies. Another example of a successful use of Pichia 

pastoris is the study done by Emami et al. [98]. This study looked at human aquaporin 1 

(hAQP1), a tetrameric α-helical integral membrane protein, first discovered in red blood cells 

and renal proximal tubules [101],[102], that functions as a water-selective membrane pore [103]. 

hAQP1 is particularly interesting as its upregulation has been implicated in human diseases like 

cancer [104]. The labeling process of hAQP1 largely followed that of the previously mentioned 

LR study, with modifications made to the solubilization and reconstitution steps. Yields of 

approximately 6 milligrams of uniformly doubly labeled protein per liter of culture were 

obtained for hAQP1 as well. The high quality of SSNMR spectra of hAQP1 has enabled the use 

of solid state NMR [105].    

 

1.9. Leptosphaeria Rhodopsin 

  

Leptosphaeria maculans is a fungal pathogen known to cause blackleg disease on 

Brassica crops [106]. Its ops gene was the second opsin gene to be identified in the kingdom 

Fungi [107], and it produces LR. LR is a light-driven proton-pumping rhodopsin, and has been 

identified as the first such rhodopsin found in eukaryotic organisms [100]. Like other rhodopsins, 

LR is also a 7-transmembrane helical membrane protein with an embedded retinal chromophore. 

The retinal chromophore, which gives LR its pink colour, allows the protein to absorb maximally 

at 542 nm [100]. Sequence alignment of LR and other rhodopsins like Neurospora rhodopsin 

(NR) and BR shows that LR, at this level, is very similar to NR (70.3% match) [108]. Initially, it 

was not certain whether LR is a proton pump or not, so in-depth biophysical studies were 
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conducted. One such study was done using time-resolved visible spectroscopy, which revealed 

that LR has K-, L-, M-, N-, and O-intermediates — similar to those in BR. Rapid-scan FTIR 

difference spectroscopy also showed that LR's photocycle is very fast — just tens of 

milliseconds. This gave further evidence that LR was a proton pump of some sort. Finally, site-

directed mutagenesis, among a few other biophysical techniques, including proteoliposome ion 

transport assays, were used to confirm that LR did indeed possess proton pumping abilities 

[100],[108]. 

  

1.10. Research Objectives 

  

The aim of this study is to investigate the effectiveness of the Pichia pastoris system for 

the production of deuterated eukaryotic membrane proteins from the perspective of cost of 

materials and ease of use, as well as to evaluate feasibility of proton detection in these 

preparations. Specifically, the study aims to investigate the feasibility of producing deuterated 

samples of LR for MAS SSNMR studies. Leptosphaeria rhodopsin is the model protein for this 

study to help establish the use of Pichia pastoris for future studies on eukaryotic proteins for a 

couple of reasons: (1) Leptosphaeria rhodopsin has been studied previously using the Pichia 

pastoris expression system, at which time the protein’s expression and purification protocol was 

optimized, and (2) the protein has a distinct pink colour due to the embedded retinal, making 

troubleshooting of the purification process easier. Establishing a reproducible, cost-effective 

procedure to study deuterated eukaryotic proteins using the Pichia pastoris system will open 

doors to study more medically relevant proteins such as G-protein coupled receptors (GPCRs). 
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2. Experimental Methods 

 

2.1. Expression and Purification 

  

A batch of 250 mL of buffered minimal dextrose (BMD, refer to appendix for 

composition) media was made in a 2 L baffled flask. 50 mL of BMD was transferred to a 250 

mL baffled flask, and a small piece of cell colony was inoculated into it. The 2 L baffled flask 

containing the remaining 200 mL of BMD was stored at 4ºC, while the 250 mL baffled flask 

containing the 50 mL of BMD and cell colony was left to grow, shaking at 300 rpm at 30ºC for 

18 to 24 hours, until the OD600 reached 2. Upon reaching OD600 2, the 50 mL of BMD-yeast 

mixture was joined with the 200 mL of BMD in the larger 2 L baffled flask and left to grow, 

shaking at 270 rpm at 29 – 30ºC for another 18 to 24 hours, until the OD600 reached ~7. To 

induce, the cells were then pelleted under sterile conditions at 1500xg for 5 min at 4ºC and 

resuspended in 800 mL of buffered minimal methanol (BMM, refer to appendix for composition) 

in a 2.8 L flask. The BMM-yeast mixture was shaken at 240 rpm at 29 – 30ºC. After 24 h of 

induction, all-trans-retinal (final concentration 5 µM) and 100% filtered methanol (final 

concentration 0.5%) were added to the growth medium. After 16 more hours (40 hours since 

induction), the cells were collected via centrifugation at 1500xg for 5 min at 4ºC. This 40 h 

induction period was determined to give the greatest yield of protein. Once collected, the cell 

pellets were washed with MilliQ water twice, centrifuging each time to recollect the pellets. The 

cell pellets were then stored at –20ºC for later use. As mentioned earlier, the sample was 

isotopically labeled with 13C and 15N, and grown in D2O with deuterated compounds. 2H, 13C-
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labeled methanol and 2H, 13C-labeled glucose were the primary sources of carbon, and 2H, 15N-

labeled ammonium chloride was the primary source of nitrogen. 

To break the cells, they were first thawed at room temperature, and 5 mg of lyticase and 

all-trans-retinal (final concentration 25 µM) were added with one cell pellet volume of buffer A 

(7 mM NaH2PO4 at pH 6.5, 7 mM EDTA, 7 mM DTT, and 1X protease inhibitor cocktail). The 

cells were slowly shaken at room temperature in the dark for 3 hours. The cells were then 

centrifuged at 1500xg for 5 min at 4ºC, and resuspended in one pellet volume of buffer A. A half 

pellet volume of glass beads (Fisher) (420-600 µm diameter) were added, and the cells were 

disrupted with four 1 minute vigorous vortexing periods with 1 minute cool down periods on ice. 

The cells were then centrifuged at 700xg for 5 min at 4ºC and the cell lysate was collected. This 

process of vortexing and centrifuging was repeated approximately 8 times to achieve complete 

cell breakage. The lysate was centrifuged at 150,000xg for 50 min at 4ºC, and the membrane 

pellets were stored at –20ºC for future use. 

To purify the protein, the membrane pellets were suspended in 62.5 mL of solubilization 

buffer (1% Triton X-100, 20 mM KH2PO4, pH 7.5, 1X protease inhibitor cocktail) per 1 L of cell 

culture. The membrane pellets were then homogenized manually and mechanically by hand until 

it was no longer possible to further fragment the pellet pieces, and stirred in the dark at 4ºC for 

14 hours. The solubilized membrane fractions were centrifuged at 150,000xg for 50 min at 4ºC, 

and the solubilized protein was collected. At this point, the protein yield was roughly estimated 

spectrophotometrically (Cary 50, Varian). To prepare the 6-His tag affinity resin (Ni2+-NTA 

agarose, Qiagen) used to purify LR, 5 mL of the resin mixture (2.5 mL resin and 2.5 mL ethanol) 

was diluted roughly ten times with 150 mM NaCl. The diluted resin mixture was centrifuged at 

1000xg for 5 min at 4ºC, and the supernatant was removed. The solubilized protein was then 
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mixed with the resin by gentle stirring for 3 h at room temperature in the dark. The mixture was 

then centrifuged at 5000xg for 15 min at 4ºC. The supernatant was removed, and the protein-

bound resin was washed with D2O washing buffer (approximately twice the volume of the resin, 

0.25% Triton X-100, 50 mM KH2PO4, pH 7.5, 400 mM NaCl) with increasing concentrations of 

imidazole (0–35 mM with 5 mM steps) by gently shaking at each washing step for 1 min and 

centrifuging at 5000 g for 15 min at 4ºC. The washes were monitored spectroscopically at 

approximately 410 nm for the loss of non-specifically bound cytochromes. The resin was washed 

8 times, and tightly bound LR was eluted from the resin using D2O elution buffer (0.25% Triton 

X-100, 50 mM KH2PO4, pH 7.5, 400 mM NaCl, 250 mM imidazole). The resin was eluted 2-3 

times to achieve complete elution of LR. The eluates were combined and concentrated down to 1 

mL by centrifugation at 4500xg at 4ºC using a concentrator (Amicon Ultra 15 mL, 10 kDa 

cutoff). The purity of the sample was verified using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). 

  

2.2. SDS-PAGE 

  

The separating gel was first prepared according to Table 2 and was poured between two 

glass plates. Water was poured on top to speed up polymerization and make the borders even, as 

oxygen reduces the rate of polymerization. The separating gel solution was given 1 hour to 

polymerize. The stacking gel was then prepared according to Table 2. The water was removed 

from the top of the separating gel, and the prepared stacking gel was poured on top of the 

separating gel. A 1.0 mm comb was placed on top to create the wells, and the gel was given 1 

hour to polymerize. The gel cassette electrophoresis apparatus was assembled and was filled with 
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running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3). The glass plates now 

containing the gel were fixed in place in the electrophoresis apparatus, and 7.5 µL of the sample 

was mixed with 15 µL of SDS and 15 µL of loading dye (2% (v/v) glycerol, 7.28 mM SDS, 3.73 

µM bromophenol blue, 12.5 mM Tris base, 0.5% (v/v) β-mercaptoethanol). The mixture was 

vortexed for approximately 10 s and incubated in a 65ºC bath for 10 min. The mixture was 

vortexed again for 10 s. The gel cassette electrophoresis apparatus was filled with running buffer 

(0.192 M glycine, 25 mM Tris, 3.5 mM SDS), and the mixture was loaded into the well of the 

gel. The gel was placed under 110 V for approximately 1 h until the tracking dye reached 

approximately 1 cm from the bottom of the gel. The gel was removed from the glass plates and 

submerged in fixer solution (50% (v/v) methanol, 10% (v/v) acetic acid, 40% (v/v) water) and 

left gently shaking overnight at room temperature. The fixer solution was then drained, and the 

gel was submerged and shaken in SYPRO Ruby dye for 1 h at room temperature. The gel was 

then visualized under UV light. On another occasion, the gel was submerged and shaken in 

InVision His-tag Stain (ThermoFisher) overnight at room temperature. As this stain targets His-

tags, the presence and quantity of the LR elution was verified. 
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Table 2 – Ingredients for SDS-PAGE solutions. APS – ammonium persulfate. Solution A, B, C 
detailed in Table 3. 

Solution Ingredient Volume 
 
 

Stacking gel 

Solution A 0.67 mL 
Solution C 1 mL 

H2O 2.32 mL 
10% (w/v) APS 20 µL 

TEMED 6 µL 
 
 

Separating gel 

Solution A 5 mL 
Solution B 3 mL 

H2O 3.95 mL 
10% (w/v) APS 40 µL 

TEMED 20 µL 
 

 

Table 3 – Ingredients for Solution A, B, and C. 

Solution Ingredient Concentration 
Solution A Acrylamide 30% (w/v) 

Bisacrylamide 0.8% (w/v) 
Solution B Tris (pH 8.8) 1.5 M 

SDS 0.4% 
Solution C Tris (pH 6.8) 0.5 M 

SDS 0.4% 
 

 

2.3. Reconstitution 

 

Prior to reconstitution, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/ 1,2-

dimyristoyl-sn-glycero-3-phosphate (DMPA) liposomes were prepared in the following way. 

Firstly, the dry powder lipids of DMPC and DMPA were dissolved independently in chloroform 

and aliquoted into 10 mg/mL stocks for DMPC and 1.11 mg/mL for DMPA. Stocks were mixed 
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in a DMPC:DMPA = 9:1 (w/w) ratio and were thoroughly dried under vacuum to obtain thin 

films. The lipids were then redissolved in H2O rehydration buffer (50 mM KH2PO4, 100 mM 

NaCl, pH 7.5) and thoroughly mixed by vigorous vortexing and sonication. Purified LR was 

added to the preformed liposomes at a protein:lipid = 2:1 (w/w) ratio. The protein-lipid mixture 

was stirred for 3 h at 4ºC. The magnetic stir bar was then removed from the mixture, and 1.2 g of 

Bio-beads SM-2 (Biorad) was added to the protein-lipid mixture. The sample was then mixed by 

slow rotation for 24 h. The Bio-beads were then removed, and the proteoliposomes were 

collected. The proteoliposomes were centrifuged at 150,000xg for 50 min at 4ºC, and the 

reconstitution buffer was removed. The proteoliposomes were then resuspended in 

approximately 1 mL of D2O NMR buffer (10 mM NaCl, 25 mM Tris-Cl, pD 7) and centrifuged 

at 900,000xg for 3 h at 4ºC. The NMR buffer supernatant was removed, and 20 µL of D2O NMR 

buffer was added to extract as much of the water as possible. This water extraction process was 

performed to pack in the sample as tightly as possible in the NMR rotor; without thoroughly 

removing the water, packing the sample was found to be very difficult. The sample was then 

centrifuged for an additional 3 h at 900,000xg at 4ºC. The supernatant was removed, and the 

pellet was center-packed in a 1.3 mm NMR rotor. Prior to putting the caps on the NMR rotor, the 

sample was back-exchanged overnight at 4°C while still in the rotor in H2O NMR buffer 

containing 80 mM Cu(II)-EDTA. Cu(II)-EDTA was added to the buffer to introduce 

paramagnetic relaxation enhancement as an effort to shorten recycle delays and increase 

sensitivity while maintaining the length of the experiments, as evidenced by previous studies 

[109]–[113]. As a result of the addition of Cu(II)-EDTA, proton T1 relaxation times were 

decreased from approximately 633 ms to 350 ms, and the recycle delay was adjusted to 1.3T1 to 



 43 

maximize the signal-to-noise ratio in a given time as was previously done in [113]. After the 

overnight back-exchange, the rotor was sealed with silicone plugs and capped. 

  

2.4. FTIR 

 

After reconstitution and the removal of Bio-beads, the proteoliposomes were centrifuged 

at 150,000xg for 50 min at 4ºC. The reconstitution buffer was removed, and the proteoliposomes 

were resuspended in MilliQ water. The proteoliposomes were then centrifuged at 100,000xg for 

1 h at 4ºC. The proteoliposomes were then resuspended in enough MilliQ to result in 

approximately 1 µg/µL concentration. The resuspended proteoliposomes were mechanically 

dispersed first using a pipette, then using a sonication bath, and were dried evenly on CaF2 

windows in 50 µL aliquots, as many times as needed to produce sufficiently large infrared 

absorbance. LR was reconstituted into DMPC/DMPA (9:1) liposomes at 2:1 protein to lipid ratio 

to serve as a control for SSNMR. FTIR measurements (absolute spectra with the absorbance of 

CaF2 windows subtracted) were then performed using a Bruker IFS66vs machine and controlled 

by the OPUS software (Bruker). Several control factors including the protein to lipid ratio, α-

helical/β-strand content, and labeling extent were assessed. 

  

2.5. D2O Adaptation 

 

It has been shown previously [114] that cells must be adapted to grow in deuterated 

media to efficiently produce deuterated proteins. Consequently, this study also adapted Pichia 

pastoris cells in a stepwise fashion, moving from 0% deuteration to 100% over several steps. 
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This was done by inoculating a small aliquot of P. pastoris cells from a YPD plate (prepared 

previously) into 5 mL of BMGY medium in a sterile 50 mL falcon tube. The tube, with the cap 

open slightly to provide air for the yeast, was shaken at 250 rpm at 30ºC for 24 h. Primary 

culture (0.1 mL) was added to 5 mL of BMD (90% D2O) medium in another sterile 50 mL falcon 

tube. The tube, with the cap open slightly again, was shaken at 250 rpm at 30ºC until the cell 

density reached an OD600 between 3-5. Next 0.1 mL of the BMD (90% D2O) culture was added 

to 5 mL of BMD (100% D2O) medium in another sterile 50 mL falcon tube. The tube, with the 

cap open slightly again, was shaken at 250 rpm at 30ºC until the cell density reached an OD600 

between 3-5. The previous step was repeated once more with 250 mL of BMD (100% D2O), and 

the cells were resuspended at high density (final OD600 over 50) in H2O. Glycerol was added to a 

final concentration of 16%, and the culture was divided into 200 µL aliquots in sterile Eppendorf 

tubes which were frozen at –20ºC for later use. To grow from the D2O adapted cells, two 200 µL 

aliquots were added per 25 mL of starter BMD (100% D2O) media. 

 

2.6. Induction Time Optimization 

 

An optimization step for the induction time of LR was performed. With 40 hours of 

induction time for natural abundance samples as the baseline, four other induction periods — 36, 

40, 44, 48 hours — were investigated for the deuterated sample by collecting 100 µL from the 

sample at each of the time points. The cell culture was collected in Eppendorf tubes and 

centrifuged at 1500xg for 5 min. The supernatant was removed and the intensity of the colour of 

the pellet was assessed. 
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2.7. MAS SSNMR 

 

The spectrometer used to conduct the experiments was the 800.230 MHz Bruker Biospin 

Avance III standard bore spectrometer. The probe that was used was a 1.3 mm triple resonance 

1H/13C/15N mode. This probe was specifically used as it is able to spin at frequencies of 55 kHz 

to average out the anisotropic interactions as much as possible. Two-dimensional 1H-15N 

experiments and three-dimensional CANH experiments were performed using the sequences 

shown in Figures 9 and 10, which are described in detail below. As the goal of this study was to 

determine the feasibility of using the Pichia pastoris system to produce deuterated eukaryotic 

proteins — in this case Leptosphaeria rhodopsin — particularly for proton detected SSNMR 

studies, and because Ward et al. (2011) [71] has previously conducted proton detection 

experiments on a similarly perdeuterated protein, proteorhodopsin, this study followed closely 

those established experiments. For the two-dimensional 1H-15N (Fig. 9) and three-dimensional 

CANH (Fig. 10) experiments, typical 90° pulses were 1.9 µs for proton, 3.6 µs for carbon, and 

5.3 µs for nitrogen. The 1H/15N cross-polarization (CP) contact time was 2 ms, with a constant 

RF field of 48 kHz applied on nitrogen, and with a proton field ramped linearly around 132 kHz 

(10% ramp, optimized experimentally). The 15N/13C CP contact time was 5 ms, with a constant 

lock field of 20 kHz applied on nitrogen, with the carbon field ramped linearly (10% ramp, 

optimized experimentally) around 12.5 kHz. Low power TPPM48 [115] around 13.75 kHz was 

used for proton decoupling during 15N and 13C chemical shift evolutions, and WALTZ-16 [116] 

was used during direct proton detection for 15N-decoupling. Water suppression was performed 

via a train of pulses with an RF intensity of 25 kHz, phase shifted by 90° every 12 ms for a total 

of 240 ms.  
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The primary step to investigate successful deuteration and overall suitability of the 

sample prepared for SSNMR studies was to perform two-dimensional 1H-15N experiments 

according to the pulse sequence below (Fig. 9). 

 

 

Figure 9. Pulse sequence for 2D 1H-detected H-N experiment [71]. Pulse sequence begins with a 
90° pulse on 1H. Cross polarization was applied between 1H and 15N by applying a constant RF 
field of 48 kHz on 15N, while the 1H field was ramped linearly around 132 kHz (10% ramp). 1H 
was then decoupled using TPPM48 [115], and the chemical shift was recorded for 15N during t1. 
A 90° pulse was applied on 15N, and water suppression was applied to 1H. Water suppression 
consisted of a train of pulses with an RF intensity of 25 kHz, phase shifted by 90° every 12 ms 
for a total of 240 ms. Another 90° pulse was applied on 15N, and cross polarization was applied 
again with the 15N locked and the 1H ramped linearly. 15N was then decoupled using WALTZ 16 
[116], while acquisition occurred in the 1H dimension. 
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To resolve the peaks further, a three-dimensional CANH chemical shift correlation 

experiment was carried out according to the pulse sequence shown below (Fig. 10). 

 

 

Figure 10. Pulse sequence for CANH experiment [71].  A 90° pulse is applied on both 1H and 
13C. Cross polarization was then applied between 1H and 13C by applying a constant RF field of 
20 kHz on 13C, while the 1H field was ramped linearly around 12.5 kHz (10% ramp). 1H was 
then decoupled using TPPM48 [115], and the chemical shift was recorded for 13C. Cross 
polarization was applied between 13C and 15N by applying a constant RF field of 20 kHz on 15N, 
while the 13C field was ramped linearly around 12.5 kHz (10% ramp). 1H was then decoupled 
using TPPM48. For time t2/2, chemical shift of 15N was recorded. A 180° pulse was then applied 
on 13C to refocus the 13C-15N interactions. The chemical shift for 15N was recorded for another 
time t2/2. As with the NH pulse sequence, a 90° pulse was then applied on 15N, and water 
suppression was applied to 1H. Water suppression consisted of a train of pulses with an RF 
intensity of 25 kHz, phase shifted by 90° every 12 ms for a total of 240 ms. Another 90° pulse 
was applied on 15N, and cross polarization was applied again with the 15N locked and the 1H 
ramped linearly. 15N was then decoupled using WALTZ 16 [116], while acquisition occurred in 
the 1H dimension. 
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2.8. Structural Bioinformatics Prediction Software 

 

Three bioinformatics programs were used to predict regional secondary structures, 

solvent accessibility, and hydrophobicity. Solvent AcessiBiLitiEs (SABLE) [117] was used to 

predict secondary structure and solvent accessibility; Advanced Protein Secondary Structure 

Prediction Server (APSSP) [118] was used to predict secondary structure; and ExPASy ProtScale 

[119] was used to predict hydrophobicity. All software used were only given the primary amino 

acid sequence of LR. 

In addition to the bioinformatics programs, homology modeling via SwissModel was also 

used to predict secondary structure and solvent accessibility. BR structure (PDB ID: 4qid) was 

used as template. As an approximation, residues predicted to be in random coil conformation and 

β-strand structure were assumed to be solvent accessible, and those predicted to be in α-helical 

conformation were assumed to be solvent inaccessible. 

 

2.9. Processing and Data Analysis 

 

Multiple tools were used to analyze NMR data at different stages. Firstly, one-

dimensional spectra were analyzed using Topspin 3.1 (Bruker, Karlsruhe, Germany). Next, two- 

and three- dimensional spectra were processed with NMRPipe [120] using a sine squared-bell 

function to apodize the data. The processed data was visualized using CARA [120]. Peak 

picking, signal-to-noise analysis, and figure generation were all also done in the CARA 

environment. 
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3. Results and Discussion 

  

3.1. Effects of Deuteration on Yield of LR and Growth of Pichia 

 

As initially expected, deuteration affected both the overall yield of LR, as well as the 

overall period of growth of yeast. Although the yield decreased, as expected, it did not reduce to 

the extent observed in previous studies that noted lower protein yields as well as reduced cellular 

growth in D2O [82],[121],[122]. While the natural abundance LR was produced at approximately 

5 to 6 mg per liter of cell culture, the perdeuterated sample was produced approximately at 2 to 3 

mg per liter — approximately half of the normal yield (Fig. 11). This was surprising as the yield 

was expected to reduce more significantly, especially considering there were few optimization 

steps performed for the growing and purification process with the introduction of deuterium. As 

the biochemical properties of deuterated proteins may be altered — for example the evidence for 

decreased nonpolar side-chain interactions found by Hattori et al. [123] — and because 

perdeuterating proteins is relatively costly, it may be important to optimize both the growing and 

purification steps to produce and extract as much protein as possible. 
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Figure 11. Comparison of protein yield between H2O and D2O grown LR at the solubilized 
protein stage. Spectra of solubilized un-purified proteins are shown with the scattering and 
cytochromes background seen in the spectra. As expected, there was a decrease in the overall 
yield of LR when grown in D2O. The observed decrease in the yield was approximately one-half, 
from 5-6 mg/L of cell culture to 2-3 mg/L of cell culture. 
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The overall growth period also increased as expected. Typically, the cells would reach an 

OD600 of approximately 6 after 24 hours of growth, but cells grown in 100% D2O plateaued at 

approximately OD600 of 2 even after 40 hours. Interestingly, cells grown in 90% D2O had similar 

growth patterns as cells grown in 100% H2O (Fig. 12). 

 

 

Figure 12. Comparison of growth rates of P. pastoris grown in 5 mL of buffered minimal 
dextrose (BMD) containing 0%, 90%, and 100% D2O in 50 mL falcon tubes with caps open 
slightly at 30°C shaken at 275 rpm. Also as expected, there was a reduction in the growth rate of 
P. pastoris with increased D2O content. What was surprising, however, was that there was no 
observable difference in the growth rates of P. pastoris grown in 0% D2O and 90% D2O — only 
a significant decrease when the D2O content was increased from 90% to 100%. 
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3.2. FTIR 
 

The protein to lipid ratios of the natural abundance LR sample were first confirmed by 

comparing the peak intensities between the lipid ester at 1732 cm-1 and the amide I at 1653 cm-1. 

The peak intensity ratios roughly correspond to the expected protein to lipid ratios [39],[41]. As 

described before, LR is known to be a 7-transmembrane-helical membrane protein, so the 

structural integrity of LR was also noted by the relative absence of β-strand structure and 

abundance of α-helical structure. The amide I bands show primarily α-helical structure (at ~1650 

cm-1), although there is a slight shoulder (at ~1625 cm-1), indicating a minor presence of β-strand 

structure. The structural integrity was further confirmed by the abundance of α-helical structure 

(~1541 cm-1) and minimal presence of β-strand structure (~1533 cm-1) in the amide II peaks. 

FTIR measurements were taken again for deuterated, 13C, 15N-labeled LR samples. As expected, 

the amide I and amide II regions shifted to lower wavenumbers from the 13C labeling. Aside 

from the shift in wavenumbers, the expected relative intensities between the lipid ester and 

amide I peaks indicated successful reconstitution and the samples were deemed ready for 

SSNMR. Additionally, as mentioned previously, deuteration splits the amide II peak, reflecting 

back-exchanged (protonated) and non-exchanged (deuterated) amides; Fig. 13 shows this split, 

indicating successful deuteration and back-exchange. 
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Figure 13. Comparison of the FTIR spectra of natural abundance LR and 2H,13C,15N-uniformly 
labeled, back-exchanged LR. The major shift in the amide peaks indicate successful 13C-labeling. 
The splitting of the amide II peak into C-N-H and C-N-D peaks also indicate successful 
deuteration and back exchange. The amplitudes of the deuterated and protonated spectra were 
adjusted to allow for easier comparison of the shifts. 
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3.3. SSNMR Experiments  

 

 
Figure 14. (a) Topological representation of LR. Blue circles represent predicted α-helical 
regions, orange circles represent predicted random coil regions, and green circles represent 
predicted β-sheet regions. The tails of the model were excluded, as homology modeling did not 
cover these regions. (b) Homology modeling (by SwissModel) based on BR as template (PDB 
ID: 4qid). Following the colour scheme of the topological representation above, regions 
predicted to be in α-helical regions are coloured in blue, random coil regions are coloured in 
orange, and β-strand regions are coloured in green. 
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2H,13C,15N-uniformly labeled LR was grown on deuterated glucose, deuterated methanol, 

and in D2O. It was proton back-exchanged overnight at 4°C and showed a number of well-

resolved peaks in the 2D (Fig. 15) and especially 3D spectra (Figs. 16-19). The proton detected 

experiments produced CANH spectra containing approximately 60 well-resolved peaks with 

estimated line widths between 0.13 ppm and 0.27 ppm for 1H, with a median of 0.18 ppm. This 

relatively small number of peaks illustrates a well-known property of α-helical bundles – their 

hydrophobic core is inaccessible to solvent and therefore non-exchangeable; for comparison, 

Ward et al. [71] reported 74 well-resolved peaks with line widths between 0.10 and 0.18 ppm for 

proteorhodopsin, most located in the solvent-exposed regions. Proton-detected spectra of 

perdeuterated back-exchanged DsbB and 7TM bacteriorhodopsin [74] lacked peaks from 

residues in the hydrophobic core. H/D exchange experiments on a 7TM Anabaena Sensory 

Rhodopsin (ASR) revealed that only the peripheral parts of the protein are exchangeable 

[124],[125]. Even though an extent of H/D exchange could be enhanced in ASR under 

illumination conditions, a significant part of the protein remained non-exchangeable [126].  
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Figure 15. Two-dimensional 1H-15N chemical shift correlation spectrum of 2H,13C,15N-uniformly 
labeled proton back-exchanged LR reconstituted in DMPC/DMPA liposomes. Spectrum was 
collected at a field strength of 800 MHz 296 K. Approximately 1 mg of sample was spun at a 
rate of 55 kHz to collect scans over a period of approximately 48 hours to collect the data. Data 
was apodized in both dimensions with a sine-squared-bell function shifted by π/3 prior to 
applying the Fourier transform. One-dimensional slices were taken along the 1H dimension at 
three different 15N chemical shifts (marked by the dotted lines on the 2D spectrum) to show the 
relative intensities of a few peaks. 
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In addition to the 60 well-resolved peaks that represent exchangeable sites, there were 

approximately 20 additional broader peaks with typical line widths between 0.27 and 0.45 ppm 

along the proton dimension, likely due to spectral overlap. Homology modeling (by SwissModel) 

was used with BR as template (PDB ID: 4QID) to compare the number of observed peaks with 

the number of predicted exchangeable regions. The secondary structure prediction made by 

homology modeling was used to determine whether residues were solvent accessible or not; 

specifically, all residues predicted not to be in α-helical conformation (i.e. in random coil or β 

conformation) were assumed to be solvent accessible. These residues are all located in the 

interhelical loops and turns; based on our previous experiments on PR [71] and ASR [124],[126], 

even well-ordered β-structured loops are exchangeable.  

Based on the homology modeling, approximately 83 possible residues are expected to be 

solvent accessible and exchangeable.  

As LR was expressed on a deuterated medium, the cross peaks are expected to be shifted 

due to the isotopic effect [127]. Although spectra obtained from protonated UCN LR sample 

were available, the lack of assignments made it difficult to reliably identify and match residues to 

accurately account for isotopic effect. To account for isotopic effect and to compare and relate 

peak positions to secondary structure predictions, the chemical shift differences observed in 

UCN PR and UCND PR in the study by Ward et al. [71] were used as guidelines. Using these 

guidelines and using the known correlations between the backbone chemical shifts and  

secondary structure outlined by Wang & Jardetzky [128], some characteristic peaks were 

identified.  
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 The 2D HN spectrum shows signals from at least three peaks potentially corresponding to 

Gly residues (102-110 ppm 15N shifts, 7.4-8.8 ppm 1H shifts, Fig. 15), while the 3D CANH 

spectrum shows 10, 8 of which (approximately 45-48 ppm 13C shifts after isotopic effect 

correction, approximately 105-115 ppm 15N shifts after isotopic effect correction) are shown in 

Fig. 16. Homology modeling predicted 11 glycine residues with exchangeable backbone amide 

nitrogens (G51, G104, G106, G156, G159, G182, G185, G219, G245, G249, and G254) all in 

random coil conformation. With the additional four Gly residues in the C-tail that the homology 

model does not take into account, there are possibly 15 exchangeable Gly residues. In partial 

agreement with the homology modeling, both secondary structure prediction software used 

(SABLE and APSSP) and the hydrophobicity prediction software (ExPASy ProtScale) predicted 

with high confidence 10 Gly residues to be in random coil conformation. Of the hydrophobicity 

values predicted for these 10 Gly residues by ProtScale, G219 had a significantly lower value, 

indicating high hydrophilicity or high solvent accessibility. The same trend is observed in the 3D 

spectrum; of the 10 resolved peaks that may be glycine residues, one peak had a significantly 

higher intensity than the rest. While G219 was predicted to be in random coil conformation, 

based on the secondary structure data by Wang & Jardetzky [44] after correcting for isotopic 

effects, the secondary structure of this high intensity peak suspected to be glycine appears to be 

either random coil or α-helical. While G219’s high hydrophilicity or high solvent accessibility 

may be linked to the one peak’s significantly higher intensity, higher intensity likely also reflects 

lower mobility, which makes it difficult to reliably assign this peak.  
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Figure 16. Two-dimensional planes extracted from 3D CANH experiment performed on 
2H,13C,15N-uniformly labeled proton back-exchanged LR reconstituted in DMPC/DMPA 
liposomes. Peaks shown are likely Gly residues based on the known chemical shift propensities 
[128]. 
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In addition to Gly, there were several other peaks that showed characteristics of the 

residues Ala, Ser, Thr, and Val. One peak that had characteristic chemical shifts of alanine is 

shown in Fig. 17. The peak’s low 13C shift (compared to those typical of other residues) suggest 

it could possibly be alanine, although it is difficult to confidently draw this conclusion due to the 

large dispersion of 15N chemical shifts of residues. Homology modeling reported 12 likely back-

exchangeable Ala residues: A71, A102, A108, A135, A155, A160, A179, A180, A215, A247, 

A250, and A282. 

 
Figure 17. Two-dimensional planes of 3D CANH experiments performed on 2H,13C,15N-
uniformly labeled proton back-exchanged LR reconstituted in DMPC/DMPA liposomes. Peak 
shown is possibly Ala residue in β conformation based on known chemical shift propensities 
[128]. 
 
 

Fig. 18 shows peaks that are characteristic of Ser, Thr, and Val based on the 13Cα 

chemical shifts of approximately 59 ppm to 61 ppm (adjusted for isotopic effect). Specifically, 

peaks with 13C chemical shifts of ~58 ppm (adjusted for isotopic effect) are characteristic of Ser 

residues in possibly β structure but more likely in random coil conformation. Peaks with 13C 

chemical shifts of 60-61 ppm (adjusted for isotopic effect) are indicative of Thr and Val residues 
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in β-strand or random coil structure. The peak shown in Fig. 18b is particularly characteristic of 

Ser, with chemical shift values in all dimensions close to the average values corresponding to β 

conformation [128]. Fig. 18c shows residues that are possibly Thr and Val. Specifically, the peak 

with higher (~9 ppm) 1H chemical shift is characteristic of Val in β conformation, the peak with 

lower (~7.5 ppm) 1H chemical shift is characteristic of Val in random coil conformation, and the 

peaks with 1H chemical shifts between 8 ppm and approximately 8.5 ppm are characteristic of 

Thr residues. Broadly speaking, the spectra show 4 peaks that are characteristic of Ser, 3 

characteristic of Thr, and 6 characteristic of Val. The homology model predicted backbone 

exchange for 3 Ser residues, 6 Thr residues, and 6 Val residues. Homology modeling and APSSP 

also predicted T127 and V128 to be in β conformation. 
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Figure 18. Two-dimensional planes of 3D CANH experiments performed on 2H,13C,15N-
uniformly labeled proton back-exchanged LR reconstituted in DMPC/DMPA liposomes. (a) 
Based on 13C chemical shift at approximately 60 ppm (adjusted for isotopic effect), possibly Val 
residues and Ser residues. (b) Based on 13C chemical shift at approximately 58 ppm (adjusted for 
isotopic effect), peak is possibly a Ser residue in β conformation. (c) With adjusted 13C chemical 
shifts at approximately 61 ppm, peaks are possibly Thr and Val residues; peak with 1H chemical 
shift of 8.6 ppm and 15N chemical shift of approximately 117 ppm (adjusted for isotopic effect) 
is likely a Thr residue in β conformation. 
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Unfortunately, due to the limited data and overlapping chemical shifts, it was difficult to 

comment further on other peaks than the ones specifically mentioned above. Peaks were also 

analyzed for possible signs of deuteration-induced shifts; however, due to the lack of 

assignments for LR, it was difficult to confidently comment on any possible shifts from previous 

data by Fan et al. [39],[93]. Fig. 19 shows two other planes from the 3D spectrum showing 

several other high intensity, well-resolved peaks that could be looked at more carefully in the 

future, possibly useful for the assignment of these resonances.   
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Figure 19. Two-dimensional planes of 3D CANH experiments performed on 2H,13C,15N-
uniformly labeled proton back-exchanged LR reconstituted in DMPC/DMPA liposomes. Many 
more resolved peaks were observed but the type of residue could not be determined simply with 
chemical shift statistics.   
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4. Conclusion and Future Directions 

 

It was demonstrated that the yeast P. pastoris can be used to produce fully deuterated 

eukaryotic seven-helical transmembrane protein samples that are suitable for SSNMR structural 

studies that employ proton detection. Despite the expected decrease in the sample yield with the 

introduction of D2O-based medium, the protocol still proved to be cost-effective. The sample 

produced by this method is 13C,15N-uniformly labeled and is deuterated at solvent inaccessible 

regions; it produces spectra of comparable resolution to those produced by other rhodopsins of 

similar 7TM fold expressed in E. coli [71],[125],[52]. Although identification of the resonances 

was not fully possible, many of the peaks had characteristic chemical shifts that were indicative 

of select amino acid types. For a few of the resonances, specific amino acids in the sequence 

were identified as likely matches, based on peaks’ chemical shifts as well as back-exchangeable 

sites predicted by both homology modeling based on BR as template and structural 

bioinformatics software. 

A possible next step is to produce samples that are deuterated at different levels. For 

example, Morgan & Feeny [129] reported significant residual protonation in protein samples 

from Pichia pastoris grown in 95% D2O media with either CH3OH or CD3OD as the carbon 

source. With CH3OH, they found protonation in methyl groups (Ala Hβ, Thr Hγ2, Val Hγ, Leu Hδ, 

Ile Hγ2, Ile Hδ1) and aromatic side chains (Phe, Tyr, His). With CD3OD, they noted reduced 

signal in aromatic residues, while finding methyl groups (in addition to Lys Hδ/Hε atoms) 

produced the most intense signals. This fractional deuteration and its effects on the regions of 

protonation can be further explored by preparing two other samples: a sample with protonated 
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methanol and deuterated glucose; and a sample with both protonated methanol and protonated 

glucose. The use of additional sources of protons may possibly result in their incorporation in the 

non-exchangeable transmembrane regions. This would provide an additional insight into the 

transmembrane regions, and contribute to further understanding of the deuteration metabolic 

pathways of the P. pastoris system. Another interesting extension would be the use of 

perdeuteration of eukaryotic membrane proteins as well, such as aquaporins studied in our lab 

[105] , as well as GPCRs. 
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5. Appendix 

 

5.1. Materials 

 

YPD Plate 

Dissolve 1 g of yeast extract, 2 g of peptone, 2 g of agar into 90 mL of MilliQ water. Autoclave 

20 min on liquid cycle. Let mixture cool to ~55°C. Add 10 mL of 20% dextrose and 10 µL of 50 

mg/mL zeocin to the mixture. 

 

10× YNB (13.4% Yeast Nitrogen Base with Ammonium Sulfate without amino acids) 

Dissolve 134 g of yeast nitrogen base (YNB) in MilliQ-water and fill the volume up to 1 L and 

then filter-sterilize. 

  

500× B (0.02% Biotin) 

Dissolve 20 mg biotin in 100 mL of MilliQ-water and filter-sterilize. 

  

10× D (20% Dextrose) 

Dissolve 100 g of D-glucose in 500 mL of MilliQ-water and filter-sterilize. 

  

NH4Cl/15NH4Cl (0.8%) 

Dissolve 4 g of NH4Cl/15NH4Cl into 500 mL of MilliQ-water. Autoclave 20 min on liquid cycle 

or filter sterilize. 
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Potassium phosphate solution, pH 5                                   

Dissolve 23 g KH2PO4 and 118 g K2HPO4 in 950 mL of MilliQ-water. Adjust pH to 5 with 

potassium hydroxide and fill volume up to 1 L. Autoclave 20 min on liquid cycle. 

  

Buffered minimal glucose (BMD) / 13C,15N-labeled BMD, pH 5 

Mix 100 mL of potassium phosphate solution (pH 5), 25 mL of 10× YNB solution, 2 mL of 

500× B solution, 25 mL of 10× D solution / 13C of glucose solution, 100 mL of NH4Cl/15NH4Cl 

and 750 ml of sterile MilliQ water. 

  

Buffered minimal methanol (BMM) / 13C,15N-labeled BMM, pH 5 

Mix 100 ml of potassium phosphate solution (pH 5), 25 mL of 10× YNB solution, 2 mL of 500× 

B solution, 10 mL of filter-sterilized methanol, 100 mL of NH4Cl/ 15NH4Cl and 765 mL of sterile 

MilliQ-water. 

 

The following are recipes for media used in perdeuteration. They follow the protocol from 

Sugiki et al. [114]. 

 

Buffered glycerol-complex (BMGY) medium: Dissolve 20 g bacto peptone and 10 g yeast 

extract in 700 mL of water. Sterilize by autoclaving and cool it to room temperature. Aseptically 

add 100 mL of sterile 1 M potassium phosphate, 100 mL of sterile 10× YNB, 2 mL of sterile 

500× biotin, and 100 mL of sterile 10% (w/v) glycerol solutions. If needed, 5 mL of 200× PTM1 

trace salts solution can be added to this medium. Store at 4°C. The shelf life of this medium is 

approximately 3 months. 
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10× Yeast nitrogen base (YNB): Dissolve 34 g of YNB without amino acids and ammonium 

sulfate in 1 L of water. Sterilize by aseptic filtration and store at 4°C. The shelf life of this 

solution is approximately 1 year. 

 

1 M Potassium phosphate: Mix 132 mL of 1 M K2HPO4 and 868 mL of 1 M KH2PO4. Adjust the 

pH to 6.0±0.1 using KOH or phosphoric acid. Sterilize by autoclaving and store at room 

temperature. The shelf life of this solution is greater than 1 year.  

 

500× Biotin: Dissolve 20 mg of biotin in 100 mL of water and warm it to 40–50°C to dissolve 

completely. Sterilize by aseptic filtration and store at 4°C. The shelf life of this solution is 

approximately 1 year.  

 

10% 15N-ammonium chloride (D2O): Dissolve 7 g of 15N-ammonium chloride in 70 mL of D2O 

and sterilize by aseptic filtration. Prepare this solution just before use. 

 

10% unlabeled D-glucose (D2O): Dissolve 1 g of D-glucose in 10 mL of D2O and sterilize by 

aseptic filtration. Prepare this solution just before use. 

 

15N-BMD (90% D2O) medium: To prepare 10 mL of uniformly 15N-labeled buffered minimal 

medium containing unlabeled glucose prepared in 90% D2O, mix 6 mL of D2O and 1 mL of 

H2O, and sterilize by aseptic filtration. Aseptically add 1 mL of 10× YNB (D2O), 0.02 mL of 

500× biotin (D2O), 1 mL of 1 M potassium phosphate (D2O), 0.5 mL of 10% unlabeled D-
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glucose (D2O) (0.5% final concentration), and 0.5 mL of 10% 15N-ammonium chloride (D2O). 

Prepare this medium just before use. 

 

15N-BM (D2O) medium: To prepare 1.3 L of uniformly 15N-labeled buffered minimal medium in 

100% D2O, sterilize 956 mL of fresh D2O by aseptic filtration. Aseptically add 130 mL of 10× 

YNB (D2O), 3 mL of 500× biotin (D2O), 130 mL of 1 M potassium phosphate (D2O), and 66 mL 

of 10% 15N-ammonium chloride (D2O) into the sterile D2O. Prepare this medium just before use.  

 

15N-BMD (D2O) medium: To prepare 5 mL of uniformly 15N-labeled buffered minimal medium 

containing unlabeled glucose in 100% D2O, aseptically add 0.25 mL of 10% unlabeled D-

glucose (D2O) to 4.75 mL of 15N-BM (D2O) in a 50-mL falcon tube. Prepare this medium just 

before use.  

 

10% D-[2H7]glucose (D2O): Dissolve 1.5 g of D-[2H7]glucose (98% 2H) in 15 mL of D2O and 

sterilize by aseptic filtration. Prepare this solution just before use.  

 

2H, 15N-BMD (D2O) medium: To prepare 300 mL of uniformly 15N-labeled buffered minimal 

medium containing D-[2H7]glucose in 100% D2O, transfer 285 mL of 15N-BM (D2O) into a 

sterilize, well-dried 1-L baffled flask. Aseptically add 15 mL of 10% D-[2H7]glucose (D2O). 

Prepare this medium just before use.  

 

2H, 15N-BMM (D2O) medium by mixing 1 L of 15N-BM (D2O) medium and 5 mL of 

[2H4]methanol in the sterilize, well-dried 2-L fermentation vessel.  
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5.2. Supplementary Data and Figures 
 

 
 

 
Supplementary Figure 1. SABLE Software Secondary Structure and Solvent Accessibility 
Prediction. 
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Supplementary Figure 2. ExPASy ProtScale hydrophobicity prediction for LR. 
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Supplementary Table 1 APSSP Software Prediction of Secondary Structure. 
 

Residue 
Number Residue Structure Confidence 

45 E C 0.7 
46 A C 0.5 
47 E C 0.6 
48 F E 0.5 
49 D C 0.8 
50 S C 0.8 
51 G C 0.9 
52 S C 0.8 
53 K C 0.5 
54 T H 0.7 
55 L H 0.9 
56 W H 1 
57 V H 1 
58 V H 1 
59 F H 1 
60 V H 1 
61 L H 1 
62 M H 1 
63 L H 1 
64 I H 1 
65 A H 1 
66 S H 1 
67 A H 1 
68 A H 1 
69 F H 0.9 
70 T H 0.9 
71 A H 0.9 
72 L H 0.8 
73 S H 0.6 
74 W C 0.7 
75 K C 0.9 
76 I C 1 
77 P C 1 
78 V C 0.9 
79 N C 0.9 
80 R C 0.5 

81 R E 0.6 
82 L E 0.6 
83 Y E 0.5 
84 H H 0.6 
85 V H 0.7 
86 I H 0.5 
87 T H 0.7 
88 T H 0.6 
89 I H 0.8 
90 I H 0.8 
91 T H 0.9 
92 L H 1 
93 T H 1 
94 A H 1 
95 A H 1 
96 L H 1 
97 S H 1 
98 Y H 1 
99 F H 1 
100 A H 1 
101 M H 0.9 
102 A H 0.8 
103 T H 0.5 
104 G C 0.6 
105 H C 0.9 
106 G C 0.7 
107 V C 0.5 
108 A E 0.5 
109 L E 0.5 
110 N E 0.6 
111 K E 0.6 
112 I E 0.5 
113 V E 0.5 
114 I C 0.5 
115 R C 0.5 
116 T C 0.6 
117 Q C 0.6 
118 H C 0.7 
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119 D C 0.7 
120 H C 0.6 
121 V C 0.8 
122 P C 0.8 
123 D C 0.7 
124 T C 0.5 
125 Y E 0.6 
126 E E 0.6 
127 T E 0.5 
128 V C 0.5 
129 Y C 0.6 
130 R C 0.5 
131 Q E 0.7 
132 V E 0.9 
133 Y E 0.9 
134 Y E 0.8 
135 A E 0.7 
136 R E 0.7 
137 Y E 0.6 
138 I E 0.6 
139 D H 0.7 
140 W H 0.7 
141 A H 0.8 
142 I H 0.8 
143 T H 0.6 
144 T C 0.6 
145 P C 0.8 
146 L H 1 
147 L H 1 
148 L H 1 
149 L H 1 
150 D H 1 
151 L H 1 
152 G H 1 
153 L H 1 
154 L H 0.9 
155 A C 0.5 
156 G C 0.8 
157 M C 1 

158 S C 0.9 
159 G H 0.9 
160 A H 1 
161 H H 1 
162 I H 0.9 
163 F H 0.9 
164 M H 0.9 
165 A H 0.9 
166 I H 0.9 
167 V H 0.8 
168 A H 0.9 
169 D H 0.8 
170 L H 1 
171 I H 1 
172 M H 1 
173 V H 1 
174 L H 0.9 
175 T H 0.9 
176 G H 0.9 
177 L H 0.9 
178 F H 0.9 
179 A H 0.7 
180 A H 0.6 
181 F C 0.5 
182 G C 0.7 
183 S C 0.9 
184 E C 0.8 
185 G C 0.7 
186 T C 0.5 
187 P H 0.7 
188 Q H 0.7 
189 K H 0.8 
190 W H 0.8 
191 G H 1 
192 W H 1 
193 Y H 1 
194 T H 1 
195 I H 1 
196 A H 1 
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197 C H 1 
198 I H 1 
199 A H 1 
200 Y H 0.9 
201 I H 0.9 
202 F H 0.8 
203 V H 0.8 
204 V H 0.9 
205 W H 0.8 
206 H H 0.7 
207 L H 0.6 
208 V H 0.6 
209 L C 0.5 
210 N C 0.8 
211 G C 0.8 
212 G C 0.6 
213 A C 0.6 
214 N C 0.6 
215 A C 0.6 
216 R C 0.8 
217 V C 0.8 
218 K C 0.9 
219 G C 0.9 
220 E H 0.8 
221 K H 0.7 
222 L H 0.9 
223 R H 1 
224 S H 1 
225 F H 1 
226 F H 1 
227 V H 1 
228 A H 1 
229 I H 1 
230 G H 1 
231 A H 1 
232 Y H 1 
233 T H 1 
234 L H 1 
235 I H 1 

236 L H 1 
237 W H 0.9 
238 T H 1 
239 A H 1 
240 Y H 0.9 
241 P H 0.9 
242 I H 1 
243 V H 1 
244 W H 0.9 
245 G H 0.9 
246 L H 0.8 
247 A H 0.7 
248 D H 0.8 
249 G H 0.7 
250 A H 0.6 
251 R C 0.6 
252 K C 0.6 
253 I C 0.6 
254 G C 0.6 
255 V H 0.8 
256 D H 0.9 
257 G H 0.9 
258 E H 1 
259 I H 1 
260 I H 1 
261 A H 1 
262 Y H 1 
263 A H 1 
264 V H 1 
265 L H 0.9 
266 D H 0.9 
267 V H 0.9 
268 L H 0.8 
269 A C 0.5 
270 K H 0.6 
271 G H 0.7 
272 V H 0.7 
273 F H 0.6 
274 G H 0.6 
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275 A H 0.5 
276 W H 0.6 
277 L H 0.6 
278 L H 0.7 
279 V H 0.7 
280 T H 0.6 
281 H H 0.6 
282 A H 0.7 
283 N H 0.7 
284 L C 0.6 
285 R C 0.9 
286 E C 0.8 
287 S C 0.7 
288 D C 0.6 
289 V C 0.7 
290 E C 0.7 
291 L C 0.6 
292 N C 0.7 
293 G C 0.6 
294 F C 0.6 
295 W C 0.5 
296 A C 0.5 
297 N C 0.5 

298 G C 0.5 
299 L C 0.5 
300 N C 0.8 
301 R C 0.9 
302 E C 0.9 
303 G C 0.8 
304 A E 0.7 
305 I E 0.9 
306 R E 1 
307 I E 0.9 
308 G C 0.7 
309 E C 0.7 
310 D C 0.7 
311 D C 0.9 
312 G C 0.9 
313 A C 0.7 
314 H C 0.8 
315 H C 0.6 
316 H C 0.7 
317 H C 0.7 
318 H C 0.9 
319 H C 1 
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