
 

 

 

 

 

Biosynthetic Isotopic Labelling Strategies for the Production of Membrane 

Proteins for Solid-State Nuclear Magnetic Resonance Spectroscopy 

 
by 

 

Rachel Munro 

 

 

 

 

 

 

A Thesis 

presented to 

The University of Guelph 

 

 

 

 

 

 

In partial fulfilment of requirements 

for the degree of 

Doctorate in Philosophy 

in 

Biophysics 

 

 

 

 

 

 

 

 

 

Guelph, Ontario, Canada 

 

© Rachel Munro, January, 2021 



ABSTRACT 

 

 

BIOSYNTHETIC ISOTOPIC LABELLING STRATEGIES FOR THE PRODUCTION OF 

MEMBRANE PROTEINS FOR SOLID-STATE NUCLEAR MAGNETIC RESONANCE 

SPECTROSCOPY 

 

 

 

Rachel Munro 

University of Guelph, 2021 

 

Advisor: 

Leonid Brown 

 

 

 

Solid-state Nuclear Magnetic Resonance (SSNMR) is an emerging biophysical technique 

which has been useful in studying the structure and dynamics of integral membrane proteins. This 

technique requires the incorporation of isotopically-labelled atoms into the protein. This thesis 

presents strategies for the expression of two classes of integral membrane proteins for SSNMR: 

microbial rhodopsins and human aquaporins. Firstly, a novel protocol for biosynthetic production 

of an isotopically labeled retinal ligand concurrently with an apoprotein in E. coli as a cost-

effective alternative to the de novo organic synthesis. Detailed structure and conformational 

changes in the retinal binding pocket are of significant interest and are studied in various NMR, 

FTIR, and Raman spectroscopy experiments. To demonstrate the applicability of this system, we 

were able to assign several new carbon resonances for proteorhodopsin-bound retinal by using 

fully 13C-labeled glucose as the sole carbon source. Furthermore, we demonstrated that this 

biosynthetically produced retinal can be extracted from E. coli cells by applying a hydrophobic 

solvent layer to the growth medium and reconstituted into an externally produced opsin of any 

desired labeling pattern. 



Proteins with lower yields when produced in recombinant organisms can be difficult to 

express in an economically feasible fashion for SSNMR. We have developed an optimized growth 

protocol in the methylotrophic yeast Pichia pastoris. Our new growth protocol uses the 

combination of sorbitol supplementation, higher cell density, and low temperature induction (LT-

SEVIN), which increases the yield of full-length, isotopically labeled hAQP2 ten-fold. Combining 

mass spectrometry and SSNMR, we were able to determine the extent of post-translational 

modifications of the protein. The resultant protein can be functionally reconstituted into lipids and 

yields excellent resolution and spectral coverage when analyzed by two-dimensional SSNMR 

spectroscopy. S256D and S256A hAQP2 mutants, targeting key phosphorylation site, were 

produced and analysed. The phospho-mimic, S256D-hAQP2, showed an increased yield and more 

persistent oligomerization as compared to S256A. FTIR, functional assays, and SSNMR indicated 

that phosphorylation of Ser256 does not affect the transmembrane domain of hAQP2. 

Furthermore, S256D-hAQP2 showed increased spectral coverage as compared to WT-hAQP2, 

which makes it an excellent target for more in-depth analysis by SSNMR. 
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Chapter 1  

Overview of Aquaporins and Microbial 

Rhodopsins  
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1.1 Overview 

This chapter summarizes the biological background on two classes of integral membrane 

proteins: aquaporins and microbial rhodopsins. Particular emphasis will be put on the proteins 

which were investigated in this thesis: human aquaporin 2 (hAQP2) and its structure and 

trafficking mechanism, and green-light absorbing proteorhodopsin (GPR) and its relevance to 

previous NMR studies. 

1.2 Membrane proteins 

Cell membranes form an important and extremely complex barrier between cellular 

components and the outside world. All cell membranes consist of two main components: lipids 

and proteins [1]. The membrane itself is a bilayer consisting mainly of phospholipids, amphiphilic 

molecules with hydrophilic head groups and long hydrophobic fatty acid tails, but also sterol lipids 

and glycolipids [2]. Fluidity can be modified through the presence of sterol lipids, such as 

cholesterol, or sphingolipids, such as sphingomyelin [3-6]. The length and saturation of the fatty 

acid chains in the phospholipids can be altered in response to different factors which can also affect 

membrane fluidity [7-10]. Membrane systems reflect the dynamic functions they must perform in 

their composition. The phospholipid bilayer houses membrane proteins which perform numerous 

functions including transport of chemicals and ions [11, 12], signal transduction [13-15], and cell-

to-cell interactions [16]. 

Membrane proteins consist of two main families: integral and peripheral [17]. Integral 

membrane proteins consist of at least one membrane spanning region or transmembrane domain 

(TMD). These transmembrane regions make the study of integral membrane proteins complicated 
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as TMDs comprise at least 80 % hydrophobic residues [18]. As such, integral membrane proteins 

can only be separated from the membrane using detergents or nonpolar solvents [19]. Integral 

membrane proteins are classified according to the secondary structure of their TMDs. α-helical 

membrane proteins can be bitopic (span the membrane once) or polytopic (two or more TMDs) 

[20]. These proteins are present in every biological system and can serve as receptors [21-25], 

channels [11, 12, 26, 27], passive and active transporters [28-31], and enzymes [32, 33]. In 

contrast, β-barrel membrane proteins only exist in polytopic arrangements, consisting of β-sheets 

which form a barrel-like pore. These proteins act as passive transporters and are only found in the 

outer membrane of Gram-negative bacteria [34] and the outer membrane of mitochondria [35] and 

chloroplasts [36]. Peripheral membrane proteins do not contain a TMD and are only associated 

with the membrane through hydrophobic, electrostatic, and other non-covalent interactions but 

may contain anchor residues which have been post-translationally attached to lipids [19].  

1.3 Aquaporins 

1.3.1 General Introduction 

Water is an essential substance for cellular processes which can be transported across 

cellular membranes by simple diffusion. However, simple diffusion is sometimes insufficient to 

transport water across the membrane fast enough to support proper function [37]. Examples 

include water transport in the nephron of the kidney, where more than 150 L of water is reabsorbed 

per day in adult humans [38, 39], and maintaining water homeostasis in the nervous system, 

specifically supplying water across the blood-brain barrier [40, 41]. As such, it was postulated that 
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facilitated diffusion of water occurs through a protein channel [37]. This class of proteins has been 

denoted aquaporins [42].   

An aquaporin was first discovered in red blood cells which were known to be highly 

permeable to water [43]. Furthermore, water permeability of red blood cells was inhibited in the 

presence of mercuric (II) chloride [44]. This led to the proposal that water channels in the 

erythrocyte membrane contain sulfhydryl groups in the pore and could be therefore inhibited in 

the presence of mercury. In the search to discover Rh blood group antigens, Agre et al. [45, 46], 

accidentally discovered a 28 kDa protein on an SDS-PAGE which was denoted channel-like 

integral membrane protein of 28 kDa (CHIP28) [46]. The cDNA encoding CHIP28 was then 

expressed in Xenopus laevis oocytes, a system used to study transport proteins which has low 

intrinsic water permeability [42]. Oocytes expressing CHIP28 swelled rapidly in a dilute buffer, 

displaying 20-fold increase in osmotic water permeability relative to the control oocytes [42]. A 

similar effect was seen in CHIP28 reconstituted into proteoliposomes which allowed 3 × 109 water 

molecules per second through the CHIP28 protomer [47, 48]. The CHIP28 gene sequence was 

found to be similar to other sequences found in microbes and plants [46]. As more homologs were 

identified, aquaporin was chosen as the name for these water channels, with CHIP28 being 

renamed aquaporin 1 (AQP1) [42]. 

Aquaporins are a family of six transmembrane alpha-helical proteins found in both 

prokaryotic and eukaryotic organisms. While human aquaporins are more biomedically relevant, 

there exist family members in E. coli (AQPZ [49] and GlpF [50, 51]), Archaea (AQPM [52]), 

yeast (Aqy1 [53, 54] and Fps1 [55]), Apicomplexan parasites (PfAQP [56]), spinach (SoPIP2;1 

[57]), and other organisms. In mammals, there are thirteen known aquaporins designated 0 through 
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12 [58]. These have been divided into three classes according to function: orthodox (AQP0, 1, 2, 

4, 5, 6, and 8), superaquaporins (AQP11 and 12), and aquaglyceroporins (AQP3, 7, 9, and 10) 

(Table 1-1). Orthodox aquaporins primarily transport water, though have been shown to transport 

small gases as well [59]. Aquaglyceroporins are primarily permeable to water, glycerol, urea and 

other small solutes. Superaquaporins are so named as they were discovered last and have low 

homology with the other AQPs, but little is known about their function beyond water transport 

activity.   

Table 1-1 - Solute permeability of mammalian aquaporins. Table compiled from Carbrey 

and Agre, 2009 [59]. 

 AQP family Aquaporin Solutes 

Orthodox AQP0 Water 

AQP1 Water, Carbon Dioxide, Nitric Oxide 

AQP2 Water 

AQP4 Water 

AQP5 Water 

AQP6 Anions (Nitrate), Water, 

AQP8 Ammonia, Hydrogen Peroxide, Water 

Aquaglyceroporins AQP3 Water, Glycerol 

AQP7 Water, Glycerol, Urea, Arsenite, Antimonite 

AQP9 Water, Glycerol, Urea, Arsenite, Antimonite 

AQP10 Water, Glycerol, Urea 

Superaquaporins AQP11 

AQP12 

Water 

Water 

Aquaporins are found throughout the human body, regulating water homeostasis across 

tissues in numerous human systems (Table 1-2). The most prominent example of aquaporin-based 

regulation of function is seen in the nephron of the kidney, an organ of the renal system. Six of the 

known human aquaporins (hAQP1, 2, 3, 4, 6, and 7) participate in the concentration of urine 

(Figure 1-1). hAQP1 is localized to the proximal tubule and the loop of Henle at both the apical 

and basolateral interfaces. hAQP7 assists hAQP1 at the apical membrane of the proximal tubule. 
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This promotes transcellular flow of water from the bulk urine back into the bloodstream. The 

collecting duct primary cells contain hAQP2 at the apical interface and hAQP3 and hAQP4 at the 

basolateral membrane. hAQP2 concentration at the apical membrane is regulated though a 

vasopressin-mediated trafficking system, which will be expanded upon in section 1.3.4. This 

regulation allows for adjustment in the amount of water being retained in the collecting duct [38]. 

Finally, hAQP6 is localized in the intracellular vesicles of the collecting duct cells, allowing for 

intracellular water flow.  

Table 1-2 – Outline of locations and functions of human aquaporins. Table compiled 

from Verkman, 2012 [40] and Verkman et al., 2014 [41]. 

Major System hAQP Location Function 

Renal 

hAQP1 
Apical and Basolateral membranes of 

proximal tubule 

Water reabsorption in the nephron 

of the kidney 

hAQP2 Apical PM of Collecting Duct 

hAQP3 Basolateral PM of Collecting Duct 

hAQP4 Basolateral PM of Collecting Duct 

hAQP7 Apical PM of proximal tubule 

hAQP6 Intracellular vesicles of collecting duct cells 

Nervous 

hAQP4 Glia and Neuron astrocytic feet 
Supply water to cerebral spinal 

fluid 

Transport water across blood-brain 

barrier 

hAQP1 
Epithelia of choroid plexus, dorsal root 

ganglia, and oesophageal neurons 

hAQP8 Spinal cord ependymal layer 

hAQP9 Substantia nigra and glia limitans 

 

 
Secretory 

 

hAQP5 
Salivary Gland 

Sweat Glands Transport water in glands for 

production of sweat and saliva 
hAQP3 Salivary Gland 

Integumentary 

hAQP3 Epidermis stratum basale 

Maintaining skin elasticity and 

hydration 

hAQP1 Atopic Eczema 

hAQP5 Epidermis stratum granulosum 

hAQP7 White and Brown Adipose tissue 

hAQP9 Adipose PM 

Cardiovascular 
hAQP1 

Microvasculature 

Endothelial lining of capillaries 
Regulate water permeability of 

heart capillary networks 
hAQP4 Cardiomyocytes 
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Respiratory 

hAQP1 Endothelial blood vessels 

Transcellular water flow at blood 

vessel endothelial lining 

hAQP5 

Apical PM of type I alveolar cells, superficial 

epithelium of bronchus, and airway 

submucosal glands 

hAQP3 
Basolateral PM of airway epithelial lining 

hAQP4 

Reproductive 

hAQP3 
Sperm Flagellum 

Epididymis 

Allows water and small neutral 

solutes to be transported during 

folliculogenesis 

Osmoadaptation 

hAQP7 

Granulosa Lining (Females) 

Pericentrolar region of neck, equatorial 

acrosome, and tail (Males) 

hAQP8 Granulosa Lining (Females) 

hAQP9 
Granulosa Lining (Females) 

Epididymis (Males) 

Digestive 

hAQP1 
Cholangiocytes, Pancreas, and endothelial 

capillaries 

Provides sub-epithelial water to 

cells exposed to acidic pH 

Regulate fecal water content 

hAQP3 
Basolateral Membrane of gastrointestinal 

tract 

hAQP4 Basolateral membrane of gastric parietal cells 

hAQP8 Pancreatic duct cells, Hepatocytes 

hAQP9 Hepatocytes 

Musculoskeletal 

hAQP1 

Articular Cartilage 

Gelatinous nucleus pulposus cells (NP) 

Endothelial cells of capillaries Involved in cell swelling due to 

mechanistic load hAQP3 NP 

hAQP4 Skeletal Muscle PM 

hAQP9 Osteoclasts 

Optic 

hAQP0 Eye lens 
Forms tight-junction contacts 

between lens fiber cell membranes 

to prevent water flux 

hAQP1 Ocular Ciliary Epithelium 

hAQP3 Skin and Cornea 

hAQP4 Glia 
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(a) 

 

(b) 

Figure 1-1 – Aquaporins and the human nephron. (a) Nephron with water collection 

points and other structural features identified. (b) Transcellular flow of water due to 

localized aquaporins. Figure modified from Castle, 2005 with permission from Elsevier 

[60].  

1.3.2 Aquaporin Structure 

All aquaporins are modelled as consisting of 6 TMDs in an hourglass arrangement, with 

right-handed bundles, as determined by cryo-electron microscopy [61] and later by x-ray 

crystallography structures (Figure 1-2) [62]. Seventh and eighth hemihelices are formed by loops 

B and E, which insert into the membrane and are the locations of the functionally important NPA 

motifs (Figure 1-2b).  These monomers are organized into a homotetramer (Figure 1-3), which 



 

 

9 

 

has been shown to survive solubilization by detergents, as documented by electron microscopy 

[63, 64]. The monomeric protein consists of two tandem sequence repeats which are oriented at 

180 degrees relative to each other with the N- and C-termini located on the cytoplasmic side of the 

membrane [65]. This conformation results in a two-fold pseudosymmetry which is connected by 

a long loop C. In general, eukaryotic aquaporins have longer termini and a shortened loop C. These 

features have been hypothesized to be related to more complex regulation mechanisms [58, 62]. 

The helices surround a central pore through which solutes are transported [66, 67]. In the tetramer, 

it has been hypothesized that the pore formed at the middle of the oligomer is used for gas diffusion 

as opposed to solely through the protomer, however this has yet to be experimentally proven [68].  
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(a) (b) 

Figure 1-2 – General aquaporin structure. (a) Overlapped figure displaying the structure 

of 5 AQP’s as determined by electron and X-ray crystallography. PDB ID’s hAQP1 

[1FQY (green) [61]], GlpF [1FX8 (cyan) [69]], Aqy1 [3ZOJ (yellow) [70]], hAQP5 [3D9S 

[71] (purple)], hAQP2 [4NEF (pink) [72]]. (b) hAQP1 structure with secondary structure 

elements identified. Figures were generated in Chimera [73]. 
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Figure 1-3 – Structure of hAQP5 (PDB ID: 3D9S [71]) tetramer as viewed from the 

extracellular interface. Figure was generated in Chimera [73]. 

There are two important structural motifs which have been identified in the aquaporin 

family known as ar/R and NPA (Figure 1-4). The ar/R motif (also known as the aromatic/Arginine 

filter) is located 8 Å from the middle of the bilayer on the extracellular side of the protein. In 

hAQP1, this motif consists of Arg195, Phe56, and His180 [74, 75]. The backbone carbonyls of 

Gly188 and Cys189 also contribute to this structural feature [74]. This motif acts as a water 

selectivity filter in three main ways. Firstly, Arg195 has a positive charge which promotes 

electrostatic repulsion of positive ions [76]. Secondly, His180 also has a positive charge which 

contributes to the electrostatic repulsion [76]. Thirdly, the pore of AQP1 is constricted to a 

diameter of 2.8 Å at this site, which corresponds to the Van der Waals radius of water [76]. As 

such, it is unlikely that any larger solutes will be able to enter the pore. Mutagenesis of His180 to 

Gly resulted in a larger pore size of 3.8 Å which allowed other solutes such as glycerol to be 
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transported [77]. The sequence of GlpF, an aquaglyceroporin which contains Gly at that location, 

confirms that the larger pore size allows for polyol transport [76]. The NPA motifs located in the 

hemi-helices formed by the insertion of loops B and E into the membrane (Figure 1-4) prevent 

proton conductance through the protomer (see section 1.3.3). The two NPA motifs in hAQP1 

consist of Asn76, Pro77, Ala78, and Asn 192, Pro193, and Ala194 [76]. The Asn residues in the 

motif carry partial charges which reorient water as it passes through the pore [76]. Other variants 

of this motif include NPC (hAQP11) and NPT (hAQP12), which are possibly important for plasma 

membrane targeting [78]. Localization studies of hAQP11 and hAQP12 in Xenopus oocytes have 

found these aquaporins do not localize to the plasma membrane [79, 80]. Further studies involving 

mutagenesis of the NPA motif in hAQP1 and hAQP4 showed impaired trafficking of the mutants 

to the plasma membrane [81, 82]. A Phe-Leu pair (Phe24 and Leu149 in hAQP1), located in 

helices 1 and 4, form a secondary restriction site in the pore in orthodox aquaporins, whereas in 

aquaglyceroporins, there is a Leu-Leu pair which is less bulky and thereby will allow larger solutes 

through [65]. 

The N-terminus of aquaporins has two conserved conformations. In hAQP1, one can see a 

full-turn extension of helix 1 [74]. This results in a constitutively active protomer. The other 

conformation is a secondary short cytoplasmic helix (see hAQP5 in Figure 1-2a). In hAQP5 there 

are contacts which stabilize the interaction between the N-terminus (Glu) and C-terminus (Ser and 

Arg) [83]. This helix is also the site of a gating mechanism which was observed in spinach AQP 

(SoPIP2;1) wherein phosphorylation of Ser115 on loop B opens the gate [57, 83]. A calcium cation 

is bound between loop D and the N-terminus through H-bonding and ionic interactions. The 

negative charge added by phosphorylation of Ser115 disrupts this binding, thereby displacing loop 
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D by a half-helix extension of TMD1 into the cytoplasm [83]. Interestingly, the structure of the 

hAQP2 tetramer contains both conformations, wherein protomer D has the full-turn helix 

extension, and protomer A has the short cytoplasmic helix [72]. Possibly this is an artifact of the 

truncation at residue 240. The short cytoplasmic helix is a conformation also seen in hAQP5 and 

SoPIP2;1 implying a gating mechanism. In comparison, the full-helix extension is similar to that 

seen in hAQP1, which disrupts the potential gating site. The N-terminus has been connected to 

vasopressin-mediated trafficking, as only when both the N- and C- termini of hAQP2 were 

transposed onto hAQP1 did the hAQP1 mutant become subject to trafficking as compared to an 

hAQP1 mutant with only the C-terminus of hAQP2 [72, 84].  
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Figure 1-4 – Bovine AQP1 (PDB ID: 1J4N [74]) with important motifs in hAQP1 

identified (hAQP1 numbering is used). Hydrogen-bonding of water molecules (red 

spheres) with ar/R filter and the NPA motif is shown in black dashed lines. Figure was 

generated in PyMOL [85-87]. 

The C-terminus of AQPs is generally located across the cytoplasmic interface. However, 

in hAQP2 and hAQP0, this is also the site of multiple PTMs which are extremely important for 

regulation [88]. In hAQP0, water transport is regulated by three different mechanisms: C-terminal 

truncation [89], pH and Ca2+/calmodulin (CAM) gating [90]. Furthermore, the formation of gap 
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junctions in the lens cell membrane results in interactions between C-terminal domains of hAQP0 

tetramers [91]. The C-terminal tail of hAQP2 is extremely important in terms of post-translational 

modifications and binding with trafficking partners. However, the complete structure of the C-

terminus in hAQP2 has not been determined. Two X-ray crystallography structures exist for 

hAQP2. The first structure was truncated at residue 240 to remove post-translational modification 

sites and resulted in significant conformation heterogeneity between protomers (Figure 1-5) [92]. 

The second structure was determined for hAQP2 mutated at S256 to an alanine residue, resulting 

in a long C-terminal tail extending into the cytoplasm, however the entire structure has a low 

RMSD (Figure 1-5). Additional features in the C-terminal tail of hAQP2 and its importance for 

regulation will be expanded on in section 1.3.4. 
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Figure 1-5 – C-terminal tail of hAQP2, truncated wild-type (red, PDB ID: 4NEF [72]) 

as compared to full-length S256A-hAQP2 (blue, PDB ID: 4OJ2). Model generated in 

Chimera [73]. 

1.3.3 Water Transport Mechanism 

The way in which water is transported across the plasma membrane by aquaporins was 

hypothesized using the electron and X-ray crystallography structures, as well as sequence analysis and 

molecular dynamics simulations of GlpF [69], bovine AQP1 [74], hAQP1 [75], and Aqy1 [93]. The high 

quality of these structures and the location of the bound water molecules in the pore were of significant 

help to identify hydrogen bonding partners. The symmetry of the protomer allows for bi-directional water 

flow. The net direction of water flow is dependent on the osmotic gradient [88]. Hydrogen bonding occurs 

between water molecules and residues in the central AQP pore including back-bone carbonyl oxygens, and 

the side-groups of asparagines in the NPA region and arginine in the ar/R filter (Figure 1-6b). As such, 

the H2O molecules cannot form a dipole chain or proton-wire which spans the pore. This prevents 

Grotthuss-based proton conductance through the protein, wherein a proton can be shuttled along a chain of 

hydrogen-bonded water molecules [88]. Hydrogen-bonding between water molecules and residues in the 

pore distorts the ideal tetrahedral geometry of the water molecules [76]. This stress placed on the water 

molecules through this H-bonding arrangement results in transient binding and thereby fast transport [88]. 

Water specificity is maintained through the size of the pore at the constriction site at the ar/R filter (Arg 

197, His 182, and Phe 58 in bovine AQP1) which is only large enough, in the case of orthodox aquaporins, 

to accommodate a water molecule (Figure 1-6a). Ions are not conducted as their hydration sphere would 

be too large to pass through the constriction site. In addition, positively charged residues within the pore 

electrostatically repel ions such as Na+ and K+.  



 

 

17 

 

 

(a)                                                                                (b) 

Figure 1-6 – Bovine AQP1 (PDB ID: 1J4N) with water cavity outlined. (a) Central water 

cavity of bAQP1 is displayed. (b) Residues participating in water binding in the central 

cavity are shown with hydrogen bonding represented in black dashed lines and water 

molecules in blue spheres. Residues participating in the hydrogen bonding with water 

molecules in bAQP1 are identified. Figures were generated in PyMOL [85-87]. 

1.3.4 Aquaporin Regulation 

Aquaporin function can be regulated by post-translational modifications which can affect 

a gating mechanism or trafficking of the AQP to the plasma membrane. Two main forms of gating 

are seen in AQPs: capping and pinching [83]. In capping, a key residue from loop D or the N-

terminus blocks water from transport from the cytoplasmic side of the protein. This has been seen 

in SoPIP2;1, Aqy1, and hAQP0. In SoPIP2;1, phosphorylation of Ser115 displaces Leu197 on 
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loop D from blocking the pore entrance [94]. In Aqy1, a similar mechanism is seen wherein 

phosphorylation of Ser107 from loop B displaces Tyr31 on the N-terminus which was blocking 

the channel [53]. In hAQP0, Tyr149 from loop B can be displaced when protonated, which implies 

a pH dependent gating mechanism [90]. hAQP0 also displays a pinching mechanism wherein small 

conformational changes increase pore constriction. This constriction occurs through alterations in 

H-bonding in ar/R, or protonation state of residues Tyr40 or Tyr149 which are located at the 

extracellular pore. In this way, water flux through the protein can be modulated depending on the 

environment. This regulation creates the differences in water permeability in different layers of 

lens fiber cells which have distinct pH and Ca2+ concentrations [95, 96]. This pinching mechanism 

has also been observed in other hAQPs: hAQP3 [97], hAQP6 [98], and hAQP4 [99]. 

Post-translational modifications can also affect trafficking of AQPs. Specifically, hAQP2 

has multiple sites located on its C-terminal tail which have been correlated to trafficking 

mechanisms (Figure 1-7). During periods of dehydration, AVP is secreted from the pituitary gland 

and binds to vasopressin 2 receptor in the basolateral membrane of collecting duct cells [38]. This 

binding leads to an increase in intra-cellular cAMP and subsequent phosphorylation of hAQP2 by 

protein kinase A (Figure 1-8). Once adequate hydration levels are achieved, dephosphorylation 

and ubiquitination are used as signals to internalize hAQP2. Ser256 is an extremely important 

post-translational modification site. This residue interacts with other protein partners such as actin, 

heat shock protein 70 kDa isoform (Hsp-70), and tropomyosin [100]. It has been found that Ser256 

must be phosphorylated on at least three out of four protomers for PM targeting of hAQP2 [101]. 

The mechanism might involve phosphorylated (P)-Ser256 interacting with tropomyosin 5b which 

mediates actin depolymerization and thereby allows the hAQP2 containing vesicles to be exported 
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to the PM [102]. It has also been suggested that the presence of P-Ser256 enhances the water 

permeability of hAQP2, though this hypothesis has only been tested on mutants expressed in E. 

coli [103].  

There are four other sites located on the C-tail which have been found phosphorylated in 

vivo in rats: Thr244, Ser261, Ser264, and Thr269 [104]. In humans, there is a Ser at residue 269 

which, when phosphorylated, increases the retention time in the apical PM [100]. P-Ser264 signals 

hAQP2 excretion in exosomes via the LIP5 ESCRT pathway [105]. There is a leucine rich region 

consisting of Leu 230, Leu 234, Leu 237, and Leu 240 on the C-terminal tail (Figure 1-7). LIP5, 

which targets hAQP2 after endocytosis to multi-vesicular bodies (Figure 1-8), has been known to 

target leucine-rich regions. This region has also been shown to form inter-protomer contacts at the 

cytoplasmic interface in the X-ray crystallographic structure [72]. After being shuttled to multi-

vesicular bodies, the protein is either degraded by lysosomes or excreted in urine as exosomes 

depending on the presence of P-Ser264 [105] (Figure 1-8). P-Ser261 is found in intracellular 

hAQP2 and has been found to stabilize deubiquitinated protomers such that the protein can be 

stored for future use [106]. Upon AVP activation, PP2C dephosphorylates Ser261, allowing PKA 

to phosphorylate Ser264 which signals exocytosis of hAQP2 containing vesicles. As of yet, no 

known function exists for P-Thr244 [103-105]. Glycosylation of aquaporins is also frequently 

observed, typically found on loop C, N-linked to an Asn residue [29, 107-109]. This N-linked 

glycosylation has frequently been associated with proper trafficking of human aquaporins in vivo. 

This N-linked glycosylation is important in vivo, as it acts as a signal which indicates hAQP2 can 

exit the Golgi body and thus be trafficked [108]. 
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Figure 1-7 – Locations of post-translational modifications on the C-tail of hAQP2. Sites 

of phosphorylation are coloured blue. Other protein binding partner sites are indicated. 

Figure modified from Hoffert et al., 2009 with permission from American Society for 

Biochemistry and Molecular Biology [110]. 
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Figure 1-8 – Simplified hAQP2 trafficking pathway. Locations of post-translation 

modifications are designated by S261, S264, and S256. Figure created based on 

information in  [60, 105, 111]. See text for details. 
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1.3.5 Water Balance Disorders 

Aquaporin dysfunction has been linked to many human conditions which are termed water 

balance disorders [41, 76, 111]. hAQP4 dysfunction has been correlated to multiple diseased states 

related to the nervous system. hAQP4 is expressed in the astrocytic feet of neurons adjacent to the 

blood brain barrier [112, 113]. In cases of brain oedema, hAQP4 was upregulated resulting in 

inflammation and brain swelling, though the effect was lesser in cases of vasogenic oedema (cell 

swelling) compared to cytotoxic oedema (extracellular swelling) [114]. hAQP4 containing 

astrocytes take up excess potassium and hAQP4 restores water homeostasis. This process is 

impaired in epileptic individuals leading to prolonged seizure duration and intensity due to osmotic 

flux and therefore extracellular space shrinkage [115]. hAQP4 is also related to the autoimmune 

disease Neuromyelitis optica. Neuroinflammation and myelin loss are caused by an inflammatory 

cascade resulting from serum antibodies directed against extracellular epitopes on hAQP4 [116, 

117].  

Aquaglyceroporins are extremely important in fat regulation in adipocytes. There is a 

positive correlation between hAQP3, 7, and 9 expression and body-mass index [118]. These AQPs 

modulate the glycerol permeability of the PM, this modulation mediates the accumulation of fat in 

adipocytes. It has been shown that hAQP7 is downregulated in cases of obesity, resulting in 

accumulation of glycerol and triglycerides [119]. hAQP3 dysfunction has also been linked to the 

skin conditions atopic eczema (up-regulation) and psoriasis (down-regulation) [120].  

Tumor angiogenesis is correlated to 3 aquaporins: hAQP1, hAQP3, and hAQP4. hAQP1 

is highly expressed in tumor microvessels [121]. hAQP1 is polarized to the leading end of the 
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migrating cells. Actin depolymerization and ion flux increase osmolality at the leading edge which 

leads to a water influx. These activities allow the PM to expand which is then stabilized by actin 

repolymerization. This process increases the ability of tumors to extravasate across blood vessels, 

also known as metastasis [121]. hAQP3 null mice have been shown to be resistant to tumor 

formation, since glycerol transport is key for cell proliferation [122]. hAQP4 expression has been 

correlated with tumor severity [123].  

hAQP2 dysfunction has been correlated with many water balance disorders [38, 111]. 

Over-expression of hAQP2 results in hyponatremia and low effective circulating blood volume. 

Hyponatremia is associated with conditions such as congestive heart failure [124], hepatic cirrhosis 

[125], syndrome of inappropriate secretion of antidiuretic hormone (SIADH) [126], and 

Nephrogenic syndrome of inappropriate antidiuresis (NSIAD) [127]. In the first three listed 

disorders, arginine vasopressin levels are increased [111]. In contrast, NSIAD is the result of a X-

linked V2R mutation which results in constitutive activation, but low AVP levels [127]. However, 

both mechanisms result in increased translocation of hAQP2 to the PM, and therefore increased 

water retention [111]. 

Diabetes insipidus (DI) is the result of low hAQP2 activity, and therefore high water losses 

in the kidney. There are four known variants of this disorder: central, familial neuro-hypophysial, 

gestational, and nephrogenic [111]. In central DI, AVP production is impaired because of 

inflammatory disorders, vascular disease, Langerhans histiocytosis, and intracranial tumors [128]. 

Familial neuro-hypophysial DI is an inherited AVP mutation (70 variants), which results in 

unfunctional AVP heterodimers, consisting of wild-type AVP and mutant AVP in the autosomal 

dominant form of the disease, accumulating in the endoplasmic reticulum [129]. Gestational DI is 
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due to an increase of AVP-degrading enzyme vasopressinase by the placenta [130]. These three 

variants are easily treatable by administering desmopressin (ddAVP), synthetic AVP [130, 131]. 

Nephrogenic DI can be either congenital or acquired. 90% of cases of congenital NDI are 

due to X-linked mutations in the AVPR2 gene, which causes AVP insensitivity [132]. The other 

10% are autosomal, related to hAQP2 mutations. Of the 52 mutants associated with autosomal 

NDI, 1% of cases are autosomal dominant, wherein hAQP2 contains mutations typically on the C-

terminus which leads to missorting [133]. The remaining 9% are autosomal recessive NDI 

(ARNDI), wherein mutations of hAQP2 lead to misfolding or more subtle conformational changes, 

and therefore ER retention [134]. In the dominant form of autosomal NDI, if one out of four 

monomers which comprise the tetramer are mutated, the entire unit is retained in the endoplasmic 

reticulum and subsequently degraded [135]. However, in ARNDI cases, all monomers are mutated 

and thus retained and degraded. Experimental analysis of these mutants showed that many of them 

retained water transport activity which implies that these functional mutants can be rescued from 

the endoplasmic reticulum and trafficked to the plasma membrane by some therapeutic compound 

[136, 137]. For example, hAQP2 T126M was rescued in the presence of Hsp-90 [138]. Other 

compounds tested include glycerol and trimethylamineoxide [41]. NDI can also be acquired as a 

result of electrolyte disorders [139, 140], urinary tract obstructions [141], and lithium induction 

[142] which temporarily cause hAQP2 downregulation.  

1.3.6 Functional Assays 

There are many methods by which aquaporin function can be measured. Initial experiments 

were done in Xenopus laevis oocytes which have a low native water permeability [31]. The 
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complementary cDNA encoding CHIP28 (hAQP1) was cloned from human bone marrow [143]. 

When the mRNA encoding hAQP1 was introduced to these oocytes, swelling due to osmotic shock 

of hAQP1-containing oocytes compared to AQP-null oocytes showed a 20-fold increase in 

osmotic water permeability and eventual explosion [42]. Similar to X. laevis oocytes, erythrocytes 

loaded with acetamide, when rapidly diluted in acetamide-free buffer, swell and eventually lyse 

[41]. Phenotypic assays have been conducted in parasites (Leishmania) and yeast [144].  Control 

experiments wherein hAQP1 was inhibited by 1 mM HgCl2 were conducted and the inhibition was 

reversed by a reducing agent which conformed to previous studies on erythrocytic membranes 

[145]. Mercury reacts with the sulfhydryl group on Cys189 in hAQP1 in the ar/R selectivity filter 

which can sterically occlude the pore. Other cysteines close to the NPA motif have been 

investigated, wherein reaction with mercury causes conformational changes such that the pore 

closes [146, 147]. Other inhibitors of AQP function include sulfhydryl-reactive compounds such 

as heavy metal ions, e.g., silver-sulfadiazine, and gold (III) compounds, and organomercury 

compounds, such as p-chloromercuribenzene sulphonate (pCMBS) [148]. Many other small 

molecules have been proposed as AQP inhibitors, but functional assays have been inconclusive 

about their effectiveness [41]. 

The most reproducible functional assay used today is stopped-flow spectrometry on 

liposomes reconstituted with AQPs [41]. The methodology of this technique will be expanded on 

in greater detail in section 2.5. Briefly, proteoliposomes extruded to a certain diameter are 

subjected to osmotic shock (typically millimolar quantities of sucrose). Under these conditions, 

water exits the liposomes to restore osmotic balance. In the case of liposomes, restoring osmotic 

balance can only occur through simple diffusion which is rate limiting. The proteoliposomes 
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containing AQPs can export water at a much faster rate due to AQP-facilitated diffusion of water. 

The spectrometer measures the relative light scattering over the course of the mixing reaction. As 

the liposomes shrink, light scattering increases due to the refractive index change due to the 

shrinking liposomes and thus the kinetics of this reaction can be measured and compared [149] 

(Figure 1-9). Instead of light scattering, fluorescent dye quenching upon the shrinking of vesicles 

can be used. Since liposomes are three to four orders of magnitude smaller by surface area to 

volume ratio compared to X. laevis oocytes, this reaction occurs on the order of milliseconds as 

opposed to minutes [47].  
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Figure 1-9 – Stopped-flow experiment of water transport proteins in liposomes (red 

tetramers) as compared to control liposomes in the presence of osmotic shock (180 mM 

sucrose, yellow circles). Water flow is represented in blue arrows.  

1.4 Microbial Rhodopsins 

1.4.1 Rhodopsins 

Like aquaporins, rhodopsins are a class of integral membrane proteins found in a large 

variety of organisms, including bacteria [150], fungi [151], archaea [152], and mammals [153]. 

Most famously, visual rhodopsin, a G-protein coupled receptor (GPCR), is found in the rods of the 

human eye retina and is responsible for the perception of light [153]. This family shares a similar 

architecture consisting of 7 transmembrane (7TM) α-helices with a covalently-bound chromophore 

retinal in the transmembrane domain (Figure 1-10) [154, 155]. Upon the absorption of light, the 

retinal isomerizes, resulting in a conformational change within the protein which can be used to 

perform a diverse range of functions. There are two classes of rhodopsins with highly divergent 

functions: type I (microbial rhodopsins) and type II (animal). Microbial rhodopsins are further 

divided into two functional classes: photo-signal transducers and ion transporters [155]. These 

proteins typically bind all-trans retinal which photoisomerizes to 13-cis retinal [156]. Differences 

in function normally correlate with the photocycle rates, which are usually slower for sensors, as 

well as differences in the amino acid residues found at the proton donor and acceptor positions 

[155]. Type II rhodopsins perform functions related to vision (e.g. visual rhodopsin and cone 

opsins [157]) and other light-dependent processes such as circadian regulation (e.g. Drosophila 

rhodopsin Rh7 and melanopsin [158]). They primarily bind 11-cis retinal which photoisomerizes 

to all-trans retinal. This reaction is not cyclic, as seen in microbial rhodopsins, and for vertebrates 
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typically requires the retinal molecules to be released from the opsins and reisomerized either 

enzymatically [159, 160] or photochemically [154, 161]. Type II rhodopsins also belong to the 

larger superfamily denoted GPCRs. This means that they interact with a number of cytosolic 

partners typical for class A GPCRs such as G proteins, arrestins, and rhodopsin kinases [162, 163].  

 

(a)                                                                     (b) 

Figure 1-10 – Microbial rhodopsin architecture as determined by X-ray crystallography 

and SSNMR. (a) Superimposed structures of five microbial rhodopsins showing 7TM 

structure with bound retinal (black) in the transmembrane domain. PDB ID’s: 

Bacteriorhodopsin (BR)  [5ZIM (purple) [164]], Anabaena Sensory Rhodopsin (ASR) 

[2M3G (pink) [165]], Sensory Rhodopsin II [1GU8 (green) [166]], Blue-light absorbing 
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Proteorhodopsin  (BPR) [4JQ6 (blue) [167]], Channel Rhodopsin Chrimson [6EIG (red) 

[168].  (b) Helical designations denoted A through G for BR (PDB ID: 5ZIM), β-strands 

and C-terminal helix only representative for BR and structural homologs. Models 

generated in Chimera [73]. 

 

Microbial rhodopsins have been extensively studied, due in part to their thermal and 

chemical stability [169] and observable colour [170]. Many biophysical techniques have been 

developed using microbial rhodopsins, specifically the haloarchaeal rhodopsin bacteriorhodopsin 

(BR), a light-activated proton pump. BR is advantageous as it displays extremely high levels of 

expression and packing in Halobacterium salinarum, combined with ease of isolation of rhodopsin 

containing membranes, time-dependent photoactivatable nature, and native 2D crystallinity [171]. 

BR is therefore useful for a wide range of biophysical assays both spectroscopically and 

structurally. Spectroscopically, the development of the techniques such as time-resolved difference 

Fourier-transform infrared (FTIR) spectroscopy [172-174] and Raman spectroscopy [175] (which 

will be expanded on in Chapter 2) was aided by BR. Structurally, BR was used to pioneer the 

field of electron crystallography [176]. High-resolution, high-speed atomic force microscopy 

(AFM) was used to characterize oligomeric state of BR in the native purple membrane and  light-

induced conformational changes in BR [177, 178]. More recently, time-resolved X-ray 

crystallography was used to investigate the photocycle intermediates of BR [179]. Solution and 

solid-state NMR have both been advanced due to studies of BR, including dynamic studies of the 

helices and loop regions [180], and development of the use of nanodiscs for SSNMR [181]. 

Likewise, dynamic nuclear polarization (DNP), in which microwave radiation is used to 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microwave-radiation
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transfer spin polarisation from electrons to nuclei, has been successfully demonstrated for BR 

allowing a signal enhancement of up to 90-fold [182, 183].  

After the discovery of four archaeal-type rhodopsins in the membrane of Halobacterium 

salinarum, a large family of microbial rhodopsins was found in diverse species, including archaea, 

proteobacteria, cyanobacteria, fungi, and algae [154, 184-186]. Studies on microbial rhodopsins 

have discovered variation in the arrangement of side chains and structure of loop regions, while 

the overall 7TM architecture is largely conserved along with the retinal binding pocket [155, 187, 

188]. A unique sub-family of rhodopsins are proteorhodopsins (PRs) which acts as light-driven 

proton pumps [189]. PRs are unique in the high pKa value of their primary proton acceptor, a 

conserved histidine residue, and long-range interactions between retinal and the EF loop [190]. 

Proteorhodopsins will be discussed further in section 1.4.3. 

1.4.2 Photochemical cycle of microbial rhodopsins 

Retinal, a vitamin A derivative, is covalently bound to a Lys residue in transmembrane 

helix G of microbial rhodopsins [155]. Upon the absorption of light, retinal isomerizes from all-

trans to 13-cis. This isomerization results in a characteristic photochemical cycle for which 

transition states have been identified (Figure 1-11). The transition states, designated K through O, 

absorb visible light at different wavelengths [156] and, as such, photocycle rates can be measured 

and compared using flash photolysis spectroscopy [191]. The most important transition state is 

designated M, wherein the proton associated with the Schiff base (Lys216 in BR) is removed and 

subsequently repopulated in the transition state N, which is also characterized by significant 

conformational changes such as helical tilting. Flash photolysis, or laser spectroscopy, is widely 

https://www.sciencedirect.com/topics/chemistry/spin-polarization
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used to determine the kinetics of a novel rhodopsin’s photocycle, which can assist in determining 

its primary function [192-194]. Photocycle rates differ greatly between photosensors and ion 

transporters. Proton pumps tend to have faster photocycles which allows organisms to inhabit 

environments which require rapid ion flux to build up proton gradients. In contrast, sensory 

rhodopsins must sustain the activation of their signal cascade for longer and consequently have 

longer photocycles [195].  

 

Figure 1-11 – Photocycle of BR showing conformation of retinal as a response to the 

presence of light stimulus. Transition states designated K through O and their associated 

wavelengths are identified. Figure modified from Kawanabe and Kandori, 2009 [196] 

with permission from MDPI. 
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BR is expressed in Halobacterial membranes in response to oxygen starvation [197]. Its 

primary function is to act as a proton pump which forms a proton gradient that drives the 

production of ATP by ATP synthase [198]. A proton is passed to extracellular side of the 

membrane through a series of proton hops upon illumination of BR [156]. Retinal isomerization 

lowers the effective pKa of the retinal Schiff base, which in BR results in a proton transfer from 

the Schiff base to the primary proton acceptor (Asp 85). This process allows a proton from the 

primary proton donor Asp 96 to be transferred to the Schiff base. The primary proton acceptor is 

eventually deprotonated leading to a proton being released into the external medium at acidic pH 

(at alkaline pH the proton release from proton-releasing complex of glutamates precedes the 

deprotonation). The primary proton donor takes up another proton from the cytosol while retinal 

undergoes isomerisation back to the all-trans state [199]. A negatively charged counterion 

complex consisting of Asp85 and Asp 212 stabilizes the protonated Schiff base in the ground state 

through a coordinated water molecule [200]. 

1.4.3 Proteorhodopsin 

Proteorhodopsins (PRs) are a family of microbial rhodopsins found in organisms that 

inhabit marine environments [201], fresh water [202], Siberian permafrost [203], sea ice [204], 

and high mountain regions [205]. The genes encoding PRs were originally discovered though 

metagenomic analysis of marine bacterioplankton. The specific purpose of PRs is not known, 

although they do function as light-driven proton pumps analogous to BR as observed in native 

membranes and in recombinant protein expressed in E. coli. Studies have indicated that PR 

production seems to be linked to starvation stress [206]. While proteorhodopsins can generate a 

proton-motive force, increasing ATP production and flagellar motility, their overall impact on 
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survival is undetermined [207-209]. Genes encoding proteorhodopsins have been found not only 

in eubacteria, but also in giant viruses [210], archaea [211], and marine protists [212]. 

Absorption maxima of PRs range from 490 nm (blue-light absorbing (BPR)) to 525 nm 

(green-light absorbing (GPR)). While these proteins share 80% sequence homology, this 

difference in light absorption is likely related to the availability of light sources in their different 

native environments. BPR is generally found in deeper ocean levels where blue light can more 

easily penetrate. In contrast, GPR is found in surface organisms where green light is more readily 

available [213]. Structurally, GPR contains seven transmembrane α-helices and a covalently bound 

retinal molecule in the transmembrane domain similar to other rhodopsins (Figure 1-12). The 

structure of three variants of BPR were determined via X-ray crystallography in 2011 [167] and 

the structure of another distant homolog was determined in 2013 [214]. However, the structure of 

GPR has proven more difficult to obtain. Due to the amphipathic nature of membrane proteins, 

well-diffracting crystals are extremely difficult to obtain. This makes X-ray crystallography of 

membrane proteins quite challenging [215]. Furthermore, the crystalline state is often not an 

accurate representation of a native lipid environment [215]. A solution NMR structure does exist 

of GPR, but the protein was produced by cell-free synthesis and analysed in a micellar 

environment, at low pH, and high temperature.  As such, this structure also may not reflect the 

native conformation of GPR [214]. Additionally, there is an RMS difference of 4.219 Å compared 

to BR reflecting significant variations in structure from other retinylidene proteins [216], whereas 

the BPR X-ray structure has a RMS difference of 1.150 Å when compared to BR. This is indicative 

of large structural variations within the solution NMR structure of GPR. The lipid-bound structure 
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of GPR is therefore more likely to be obtained using an alternative method such as SSNMR 

wherein the protein is reconstituted in a more native lipid environment. 

GPR shares significant sequence homology with BR. There are also several similarities in 

their photocycles likely reflecting this homology. Both proteins have a Lys Schiff base (Lys 231 

in GPR) and an Asp primary proton acceptor (Asp 97 in GPR) (Figure 1-12). However, the primary 

proton donor in GPR is Glu 108 as opposed to Asp 96 in BR, which has a shorter side-chain [217]. 

The proton pathway is likewise very similar between BR and GPR. However, some noteworthy 

differences between the two proteins exist. The primary proton acceptor of GPR (Asp 97) is 

complexed with a histidine residue (His 75) [218, 219], this residue additionally participates in 

intermonomer interactions. Characterization of this unique feature at different pH values revealed 

H-bonding and protonation states which reflect the pH dependence of the GPR photocycle [218]. 

A pair of Glu residues (Glu 194 and Glu 204) are responsible for the release of the proton at the 

extracellular interface in BR [220]. The extracellular release mechanism for GPR is still unknown 

given the lack of homologous residues in this position. Instead, a large cavity is formed on the 

extracellular side by the displacement of the B-C and F-G interhelical loop regions as suggested 

by SSNMR experiments [221]. This mechanism is analogous to that in another eubacterial 

rhodopsin, xanthorhodopsin (XR), which is unusual in the presence of dual carotenoid 

chromophores, retinal and salinixanthin [222].  
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Figure 1-12 – Structural representation of GPR using the X-ray structure of BPR (PDB 

ID: 4JQ6 [167]) as homology model. Retinal (cyan) is covalently bound to the Schiff 

base, Lys231. The primary proton donor, Glu108, the primary proton acceptor, Asp97, 

and the conserved histidine residue, His 75, are shown. Figure was generated in PyMOL 

[85-87]. 

Recombinantly-expressed GPR reconstituted into synthetic liposomes has been 

characterized extensively by SSNMR studies to characterize the protein. Chemical shift 

assignments for approximately two-thirds of the 238 residues in PR have been previously 

determined in the Brown/Ladizhansky group [189, 223]. Chemical shifts have been used to 

identify the helical boundaries in GPR including the seven main helices as well as a short α-helical 
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structure within the E-F loop and a short β-turn in the B-C loop [223]. The helical boundaries were 

consistent with the general rhodopsin architecture. Resonance assignments for mobile residues 

were determined using J-coupling driven experiments [221]. Perdeuteration of the protein and 

subsequent SSNMR analysis were used to analyse solvent accessibility, which led to the discovery 

of the aforementioned extracellular cavity [221]. Other factors investigated include temperature, 

hydration, lipid composition, and membrane elasticity [224, 225]. Other groups have used DNP-

enhanced SSNMR of GPR to identify changes in the protein upon the introduction of colour 

changing mutations. A point-mutation in the E-F loop resulted in a 20 nm redshift [226]. Long 

range interactions between the E-F loop and the chromophore were confirmed by the chemical 

shifts of 63 residues throughout GPR which where altered upon this mutation [227]. The 

conformation of the retinal chromophore was confirmed through SSNMR analysis of retinal 13C-

labelled at C10 and C11. Chemical shifts of C10 and C11 aligned to previously assigned shifts of 

retinal in BR, corresponding to the all-trans configuration in GPR’s ground state [226]. The 

interaction between Asp97 and His75, which is responsible for the pH dependence of GPR’s 

photocycle, was also elucidated using SSNMR [218]. 

The retinal core is highly conserved across microbial rhodopsins; notably, there are two 

strongly conserved aromatic residues (Trp86 and Trp182 in BR). These aromatic residues provide 

bulky side chains which sandwich the all-trans retinal. In addition, Tyr185 in BR participates in 

stabilization of the counterion through hydrogen bonding. Analogous residues exist in GPR 

including Trp98, Trp197, and Tyr200 (Figure 1-13). The absorption maxima of rhodopsins are a 

reflection of interactions within the retinal binding pocket, namely the distance between the 

protonated Schiff base and the counterion complex, including strongly bound water molecules 
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[228]. Different conformations of retinal in GPR and its corresponding blue-tuned mutant (L105Q) 

were investigated using DNP NMR [229]. It was indicated that stretching in the C14-C15 bond 

could be the cause of the absorption shift maximum. SSNMR analysis of thermally denatured ASR 

has determined that the retinal core is instrumental in stability and folding dynamics of ASR [230]. 

Potentially, the retinal core in GPR could display a similar stabilizing effect.   

 

 

Figure 1-13 – Retinal binding pocket of GPR as represented by 3D homology model 

using BPR (PDB ID: 4JQ6 [167]) as a template. Amino acids located within 4 Å of 

retinal (cyan) are shown. Figure was generated in PyMOL [85-87]. 

Oligomerization of microbial rhodopsins is also of great interest. Both BR and ASR have 

been experimentally shown to form trimers in the native membrane [231] and when reconstituted 

into synthetic lipids [232]. The structure of the ASR trimer was determined through a mixture of 

SSNMR [165] and EPR DEER [233] experiments (Figure 1-14a). PR shows a much different 
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oligomerization pattern. Both pentamers (Figure 1-14b) and hexamers (Figure 1-14c) are present 

in GPR-rich membranes and detergent micelles, with hexamers being the dominant oligomeric 

state [234, 235]. Blue-native PAGE analysis of GPR has also shown a mixture of pentamers and 

hexamers [236, 237]. The oligomerization interface is located at helices A and B. It consists 

primarily of non-bonded contacts and hydrogen bonding between Trp16, Asp35, Glu32 from 

protomer A and His57, Arg33, Thr45, and Thr42 on protomer B in blue-light absorbing PR. 

Notably, His75 from helix B of GPR hydrogen bonds to both the proton acceptor and Trp34 of a 

neighbouring protomer. This interaction may stabilize the proton acceptor in the dark state, which 

could indicate cross protomer cooperative behaviour [167]. In fact, the pKa of the proton acceptor 

Asp97 in monomeric GPR is a full pH unit greater than in the oligomeric form, implicating the 

quaternary arrangement as important for function [238]. 
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Figure 1-14 – Oligomerization of microbial rhodopsins as viewed from the extracellular 

surface. (a) ASR trimer as derived from SSNMR data (PDB ID: 2M3G). (b) Blue-light 

absorbing PR pentamer from X-ray crystallography structure of D97N mutant (PDB ID: 

4KLY). (c) Blue-light absorbing PR hexamer from X-ray crystallographic structure 

(PDB ID: 4JQ6). Models generated in Chimera [73]. 

 

1.5 Scope of Thesis 

Despite the significant recent progress in cryo-EM and X-ray crystallography, membrane 

proteins are still underrepresented in protein structural databases with only 1139 unique membrane 
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protein structures [239]. Even though membrane proteins represent more than 40 % of drug targets 

[240, 241], information on their structure and dynamics is often incomplete, especially when it 

comes to lipid-embedded proteins. The recent history of solid-state NMR (SSNMR) gives us many 

examples where this technique could dramatically advance the field. Membrane proteins 

reconstituted in lipids for SSNMR show increased protein stability as compared to solution NMR 

or X-ray crystallography; lipid bilayers also provide a native-like experimental environment [231, 

242-247]. In globular proteins, magic-angle spinning SSNMR can resolve complete protein 

structures [248-253]. This technique has been adapted to membrane proteins, which are more 

challenging due to lower sensitivity, spectral degeneracy, and complicated sample preparation 

[242, 244, 245, 254-258]. Structures solved using this technique include those of the microbial 

photosensor Anabaena sensory rhodopsin [165], chemokine receptor CXCR1 [259], Influenza A 

M2 channel [260], transmembrane protein CrgA from Mycobacterium tuberculosis [261], and 

outer membrane protein G [262]. These successes can be extended to other eukaryotic membrane 

proteins, some of which are biomedically relevant, but harder to express and reconstitute for 

SSNMR in a structurally homogeneous form [244, 263-269].  

This thesis focuses on the development of isotopic labelling strategies for the production 

of two classes of integral membrane proteins: human aquaporins and microbial rhodopsins. Using 

these proteins, two methods of producing and analysing integral membrane proteins by SSNMR 

have been outlined. In Chapter 4, the expression of a membrane protein coupled with the 

biosynthetic production of its functionally important ligand, in the case of green-light absorbing 

proteorhodopsin, is presented. Potentially, the use of an isotopically-labelled retinal could help 

elucidate the structure of photocycle intermediates and provide long-range distance constraints 
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within GPR. A two-plasmid system was developed for use in E. coli for concurrent expression of 

GPR and retinal in minimal media. The resultant uniformly 13C/15N-labelled protein with fully 13C-

labelled retinal was analysed by SSNMR and resonance Raman spectroscopy, both of which will 

be described in detail in Chapter 2. Chemical shifts for 15 out of 20 retinal carbons in GPR were 

unambiguously assigned using two-dimensional magic angle spinning SSNMR spectroscopy. The 

versatility of the two-plasmid system was proven by the extraction of retinal from the growth 

media during expression. The extracted retinal was then used to reconstitute green-light absorbing 

proteo-opsin. This protocol means biosynthetically produced isotopically-labelled retinal can be 

functionally reconstituted into other opsins for functional characterization by biophysical methods 

such as resonance Raman spectroscopy, FTIR and NMR. 

The biosynthetic incorporation of 15N and 13C nuclei into a functional eukaryotic 

membrane protein of interest was investigated in the case of human aquaporin 2, which historically 

expresses poorly in recombinant hosts like Pichia pastoris [270]. hAQP2 is a very dynamic protein 

for which the C-terminal tail is the location of numerous post-translational modification sites and 

protein-protein contacts with implications on trafficking. Point mutations in hAQP2 are related to 

ARNDI, and 44 mutants are still functional when analysed in vitro despite being mis-trafficked in 

vivo. This protein presents an excellent target for SSNMR studies which could in the future extend 

to ARNDI associated mutants. SSNMR allows for both structural and dynamic information to be 

inferred in a native-like environment given suitable sample size and quality. Considerations for 

the production of membrane proteins for structural studies will be outlined in Chapter 3. Chapter 

5 describes a novel growth strategy for boosting expression of hAQP2 in Pichia pastoris in 

minimal media for isotopic labelling. Sample quality and yield were monitored through a 



 

 

42 

 

combination of biochemical and biophysical techniques such as Western blotting, Fourier-

transform infrared (FTIR) spectroscopy, and two-dimensional correlation magic-angle spinning 

SSNMR spectroscopy. The expressed protein was analysed for functionality through stopped-flow 

spectrometry. Post-translational modifications were characterized through mass-spectrometry and 

through-bond two-dimensional SSNMR spectroscopy.  

Chapter 6 describes the use of this growth protocol to produce two hAQP2 mutants, 

S256A and S256D. Ser256 is an extremely important residue in hAQP2, and phosphorylation of 

this residue is necessary for the trafficking of hAQP2 to the apical plasma membrane. Previous 

studies have found small structural conformational changes on the C-terminal tail between the 

phosphorylated and unphosphorylated forms. The current X-ray crystallography structure of 

hAQP2 was truncated at residue 240, which greatly increased the resolution of the solved structure, 

but excluded any post-translational modification sites. To elucidate how phosphorylation affects 

the structure and function of proteins, phospho-mimics can be used. Residues with negatively 

charged side-groups like Asp or Glu are used to emulate phosphorylation at that site. In this study, 

S256D-hAQP2, a phospho-mimic, and S256A, a non-phosphorylated mimic, were expressed in P. 

pastoris according to the low-temperature, sorbitol, equal volume induction (LT-SEVIN) protocol. 

FTIR and stopped-flow spectrometry of the mutants showed that phosphorylation at Ser256 likely 

does not affect the transmembrane domain of hAQP2. This result was confirmed by SSNMR 

analysis wherein the 2D-13C-13C-Dipolar Assisted Rotational Resonance (DARR) spectra of 

uniformly 13C,15N-labelled (UCN)-S256D-hAQP2 were similar to those for UCN-WT-hAQP2. 

New peaks could be seen in the UCN-S256D-hAQP2 DARR spectrum. Given the heterogeneous 

nature of the post-translational modifications seen in the WT, the S256 phospho-mimic likely 
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results in a more homogenous structure. Loss of signal in the Insensitive Nuclei Enhanced by 

Polarization Transfer (INEPT) [572] excitation combined with total through-bond correlation 

spectroscopy (TOBSY) spectrum of S256D-hAQP2 relative to WT-hAQP2 could indicate the tail 

is less mobile in S256D-hAQP2, due to more interprotomer contacts or increased secondary 

structure content, for example formation of a helix as opposed to random loops. Given S256D-

hAQP2 mimics the functional biological state of hAQP2 and showed increased resolution in 

DARR, this construct is a good candidate for future in-depth NMR studies.   
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Chapter 2  

Review of Experimental Methods  
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2.1 Overview 

This chapter outlines the theory and practical applications of biophysical techniques which 

were employed in this work. These experimental methods include: solid-state Nuclear Magnetic 

Resonance (SSNMR), Fourier transform infrared (FTIR) spectroscopy, resonance Raman 

spectroscopy, and stopped-flow spectroscopy.  

2.2 Solid-State NMR 

2.2.1 Basic principles of NMR 

Nuclear Magnetic Resonance (NMR) spectroscopy is a widely used technique which is 

based on changed energy states of the quantum mechanical spin of atoms when placed in a large, 

external magnetic field. Nuclei such as 1H, 13C, 15N, 31P, 19F, and 29Si with odd mass numbers have 

half-integer spins due to the presence of an unpaired proton or neutron. In biological molecules 

with high content of carbons and nitrogens, the “NMR-active” 13C and 15N isotopes do not occur 

with high natural abundance. As such, incorporation of these isotopes into samples (isotope 

labeling) is necessary. In the simplest case, recombinant protein is expressed in media wherein all 

carbon and nitrogen sources contain only 13C and 15N. This process will be expanded upon in 

section 3.6. When placed in a magnetic field, the spin-1/2 nuclei in the sample, for example 1H, 

13C, 15N, have two possible spin states: m = ± ½ (Figure 2-1) which, under thermal equilibrium, 

are described by the Boltzmann distribution [271]. An energy split is induced in the nuclei by 

applying an external magnetic field along the z-axis, denoted B0 [272]. This effect will be further 

expanded upon in section 2.2.2.1. The excited state induced by the external magnetic field 



 

 

46 

 

experiences a long lifetime, from millisecond to seconds, allowing for multidimensional 

experiments, molecular motion investigations and narrow line-widths [273]. 

A secondary oscillating magnetic field (B1) is applied orthogonally to the static Bo field 

(chosen to be along z-axis), and this rotates the bulk magnetization from the z-axis to the xy plane. 

The nuclei are then allowed to freely oscillate around the static field, and eventually relax back to 

equilibrium. This produces an oscillating magnetic field which then induces a current in the 

receiver coil surrounding the sample. The detected signal in the form of an induced current is 

measured as a function of time and is referred to as the free induction decay (FID). The FID is then 

mathematically transformed into an NMR spectrum through a Fourier transform. This is an 

example of a simple pulsed-NMR experiment which consists of an initial short RF pulse (B1) and 

the detection of the resultant signal. The experiment is then repeated until adequate signal-to-noise 

is achieved, which contributes to the relatively long acquisition times for NMR samples [273]. 

2.2.2 Interactions 

The major interactions relevant to NMR experiments can be represented by the general 

nuclear spin Hamiltonian:  

𝑯𝑵𝑴𝑹 = 𝑯𝒁 +𝑯𝑪𝑺 +𝑯𝑫 +𝑯𝑱 +𝑯𝑹𝑭 +𝑯𝑸                                    (1) 

Wherein Hz (Zeeman splitting) and HRF (radio-frequency field interaction) are a result of the 

applied magnetic field and the applied radio-frequency pulses, respectively. The quadrupolar 

interaction (HQ) is only present in nuclei with spins greater than ½ and need not be considered for 

molecules with 1H, 13C, and 15N nuclei, as presented in this thesis.  The remaining interactions are 



 

 

47 

 

intrinsic to the atom, to  the molecular structure and to the local environment in which they reside 

as is summarized below [274]. 

 

Figure 2-1 – Interactions present in a spin ½ system under the presence of a magnetic 

field (Bo). Figure modified from [274]. 

 

2.2.2.1 Zeeman Interaction 

The Zeeman interaction (HZ) is directly resultant of the applied magnetic field (B0). Under 

an increasing magnetic field applied along the z-axis, the energy required to induce a transition 

from the spin down to the spin up state increases proportionally (Figure 2-2). The resonance 

transition can be induced by applying an RF field specific to the transition energy of nuclear spins. 

This energy is quite low and results in a very small population difference between the two energy 

levels. This can be represented by the Boltzmann equation: 

𝑵𝑼𝒑𝒑𝒆𝒓

𝑵𝑳𝒐𝒘𝒆𝒓
= 𝒆−

∆𝑬

𝒌𝑻                                                                      (2) 
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Wherein the populations of nuclear spins in the upper and lower energy states, respectively, are 

represented by NUpper and NLower. ΔE is the energy difference between the spin states, k is the 

Boltzmann constant (1.3805x10-23 J/Kelvin) and T is the temperature in Kelvin. Since this energy 

is quite low, adequate sample quantities in the NMR sample are crucial for obtaining sufficient 

signal-to-noise in the final NMR spectrum. [274] 

 

Figure 2-2 – Energy diagram of Zeeman splitting under a constant magnetic field 

denoted B0. The energy difference between m = - ½ and m = + ½ is equal to the Larmor 

frequency of the nuclei. 

 

The Zeeman Hamiltonian, which describes the energies of these two states is: 

𝑯𝒁 = 𝝎𝟎𝑰𝒁                                                                       (3) 

where 

𝝎𝟎 = −𝜸ℏ𝑩𝟎                                                                    (4) 
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Wherein ω0 represents the Larmor frequency of the nucleus, γ is the gyromagnetic ratio 

characteristic of a specific nuclear isotope, B0 is the strength of the external magnetic field, ℏ is 

the reduced Planck’s constant, and IZ is the z-axis spin angular momentum operator. Gyromagnetic 

ratios (γ/2π) of nuclei commonly detected in NMR are: 42.576 MHz/T (1H), 6.536 MHz/T (2D), 

10.705 MHz/T (13C), and -4.316 MHz/T (15N). The Larmor frequency is equal to the energy 

difference between the spin-down and spin-up states expressed in frequency units. The net 

magnetization (M0) can be approximated by 

𝑴𝟎 ≈
𝑵𝜸𝟐𝑩𝟎

𝟒𝒌𝑩𝑻
 .                                                                      (5) 

This equation means that the signal intensity of an NMR experiment is primarily dependent on 

four factors: the gyromagnetic ratio, the strength of the applied magnetic field, the number of spin-

active nuclei in the sample, and the temperature. 

2.2.2.2 Chemical Shift Interaction 

The effective magnetic field experienced by a specific nucleus is affected by its local 

environment. Electrons, like nuclei, are charged, and their orbital motions induce a secondary 

magnetic field which counters the external magnetic field. This shields the enclosed nucleus from 

the primary magnetic field, resulting in shifts in the Larmor frequency of nuclei. Differences in 

shifts in the Larmor frequency of nuclei of the same type arise due to dissimilarities in the 

electronic distribution. This phenomenon is most easily exemplified by the difference in electronic 

arrangement of a single 13C atom when unbound, located in a simple methane, or located in more 

complex molecules such as ethanol (Figure 2-3). This coupling of the electron cloud and the 

external magnetic field causes what is commonly named the chemical shift (HCS or δ). This 
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interaction has two components: anisotropic (ωCSA) (or orientation dependent) and isotropic (ωISO). 

The anisotropic interaction for experiments is averaged out either through in-solution fast 

molecular tumbling (solution NMR), or magic-angle spinning (MAS) in SSNMR (see section 

2.2.3). The isotropic interactions that result in the change in the Larmor frequency of a nucleus are 

affected by the aforementioned electron cloud, molecular structure, isotopic labelling schemes, 

and molecular motions. Therefore, the observed frequency of an NMR signal is indicative of local 

chemical structure. In general, high electron cloud shielding results in a lower chemical shift 

whereas lower shielding results in a higher NMR frequency. Furthermore, chemical bonds show 

polarity, such as O-H, wherein the bulk electron density is pulled towards the oxygen atom. Bond 

polarity can produce an upshift in the chemical shift of a proton (Figure 2-3). Therefore, one can 

distinguish chemical shift values between protons which are connected to different nuclei. As such, 

one can achieve site-specific resolution of certain nuclei in a larger molecule and monitor changes 

in the chemical shift given changes in the sample. This resolution makes NMR a very powerful 

technique for the field of structural biology [275].  
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Figure 2-3 – Orbital diagrams for 13Carbon when covalently bound to different atoms in 

simple molecules such as methane and ethanol. 

 

Isotropic chemical shift is most often reported as the isotropic frequency (ωISO) of the 

observed resonance expressed with reference to the Larmor frequency (ω0) of a standard (Eq. 6).  

𝜹 = (
𝝎𝑰𝑺𝑶−𝝎𝟎

𝝎𝟎
) 𝒙𝟏𝟎𝟔                                                               (6) 

The unit, parts per million (ppm), is chosen for ease and does not depend on the frequency of the 

spectrometer. SSNMR spectra are typically referenced to external standards [276]. In this work all 
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chemical shifts are referenced to DSS (2,2-dimethyl-2-sila-pentane-5-sulphonic acid) using 

adamantane as an external secondary standard [276].  

2.2.2.3 Dipolar Interaction 

The dipolar interaction (HD) is the through-space effect of adjacent NMR-active nuclei 

upon each other. Similar to chemical shift, the induced rotation of a nucleus in an external magnetic 

field can affect an adjacent nucleus that is close-enough in space (Figure 2-4). The strength of the 

dipolar interaction is inversely proportional to the distance cubed. This allows one to estimate 

internuclear distances. This interaction is highly orientation-dependant and can lead to peak 

splitting and anisotropic broadening of spectra [274]. In order to remove this anisotropic effect, 

different techniques are used to reduce line broadening. In solution NMR, the tumbling of the 

molecules in solution is sufficient to average the anisotropic interactions provided the molecule is 

small enough, usually smaller than 25 kDa [277, 278]. In magic-angle spinning SSNMR, the rotor 

is mechanically spun in such a way as to reduce this effect by averaging [279]. 

 

(a)                                                  (b) 

Figure 2-4 – Dipolar coupling of nuclei 1 and 2. (a) Local magnetic field of nucleus 1. 

(b) Local magnetic field of nucleus 2. Figure modified from [280]. 
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2.2.2.4 J-Interaction 

The J-interaction (IJ) is a result of indirect through-bond interactions of nuclear spins. This 

interaction is mediated by the electrons involved in chemical bonds between nuclei. Spectrally, 

this results in peak splitting in solution NMR. This interaction is quite weak and much lower in 

energy as compared to dipolar coupling and can generally be disregarded in most SSNMR 

techniques. However, when dipolar couplings are sufficiently averaged out, J-couplings may 

become observable [274]. This can then result in peak splitting or broadening or can be used for 

through-bond polarization transfer experiments, typically using 2D carbon-carbon correlation 

experiments such as INEPT and TOBSY [281] (see sections 2.2.5.3 and 2.2.5.4). This allows one 

to investigate mobile regions of the protein where dipolar interactions are reduced by anisotropic 

motions [282]. However, extension of these experiments into the third-dimension through transfers 

from 15N to 13CO or 13Cα (see section 2.2.4) are unfeasible for most proteins due to the relatively 

weak J-couplings and long evolution times. This makes assignments for mobile fragments 

difficult, though there have been some cases where 3D experiments were used successfully to 

probe the mobile fragments of proteins, for example phospholamban [283], myelin basic protein 

(MBP) [284], α-synuclein [285], and microbial rhodopsins [286, 287].   

2.2.3 Magic-Angle Spinning 

In order to average out anisotropic line broadening that results from dipolar couplings and 

chemical shift anisotropy, the rotor is mechanically spun at the magic angle of 54.7° within the 

spectrometer relative to the external magnetic field (Figure 2-5). This effect was demonstrated by 

Andrew et al. [288] and Lowe [289]. All anisotropic interactions in the sample, apart from those 
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between protons (see below), are averaged out. Given that the sample is mechanically spun as 

opposed to molecules tumbling in solution, there are no restrictions of solubility, crystallization, 

molecular size, or even purity. This property has resulted in MAS-SSNMR maturing as a technique 

for the study of larger macromolecular complexes, integral membrane proteins, biominerals, 

intrinsically disordered proteins, and protein-DNA complexes [189, 290-293]. 

 

Figure 2-5 – Magic-Angle spinning schematic. The rotor is placed at 54.7 ° relative to 

the applied magnetic field and spun at a frequency ωR. 

 

In order to average out chemical shielding anisotropy (CSA) and dipolar couplings in MAS 

experiments, the sample must be spun at a fast rate. In general, the spinning frequency should be 

at least three to four times faster than the dipolar interaction strength. If the spinning frequency is 

not sufficiently fast, incomplete averaging will occur, resulting in spinning side bands or rotational 

echoes [279]. Protons have a much higher gyromagnetic ratio as compared to 13C or 15N which 

consequently makes homonuclear proton couplings very strong. Fast-MAS, at spinning 

frequencies exceeding 40 kHz, allows one to average out proton dipolar coupling [221, 294, 295].   
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2.2.4 Resonance Assignments 

Site-specific analysis of molecules studied by NMR is contingent upon the acquisition of 

good-quality resonance or chemical shift assignments, wherein the spectral features are correlated 

with specific atoms. It is these assignments which allow for dynamic and structural information 

about nuclei to be inferred. For larger molecules, such as proteins, assignments can be difficult 

due to spectral overlap [296]. As such, multidimensional experiments in which magnetization is 

transferred between adjacent nuclei are critical for obtaining assignments. In the simplest case, a 

homonuclear experiment such as 2D-Dipolar Assisted Rotational Resonance (DARR) [297] can 

be used to transfer signal between the same type of nuclei (e.g. 13C-13C) sufficiently close in space. 

The mixing time is the period in which pulses are applied to transfer magnetization to another 

nuclei. Mixing time can be manipulated to either select for nuclei very close (shorter), or farther 

(longer) from each other [298, 299]. Depending on the type of experiment and the mixing time, 

NMR signal transfers can be through-bond (J-coupling) or through-space (DARR) (for possible 

experiments see section 2.2.5). Schematics of possible homonuclear transfers that can occur within 

an amino acid, or between non-bonded but sufficiently close amino acids are shown in Figure 2-6.  
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Figure 2-6 – Schematic of possible magnetization transfers in a protein. One-bond (a) 

and two-bond transfers (b) can occur by either J-coupling (through-bond) or dipolar 

coupling (through space). Through-space transfers (c) can also occur even though two 

nuclei are not covalently bonded but are sufficiently close in space. 

 

Higher dimensional heteronuclear experiments are critical for resonance assignments in 

large polypeptides, allowing one to transfer the signal between nuclei and build spin systems. 

These spin systems can be correlated through the chemical shifts of common nuclei and sequential 

residues in the protein can thereby be linked. Examples of the most common experiments used in 

SSNMR are shown below (Figure 2-7). All these experiments begin with a cross-polarization 

(section 2.2.5.1) step to enhance magnetization in 13C and 15N nuclei. The NMR signal is then 

successively transferred to specific 13C or 15N nuclei within the peptide through specific RF pulses. 

Examples include NCACX and NCOCX [300], CANCO [301], and CANCOCX [302]. Extension 

of experiments into the third and fourth dimensions is necessary to achieve site-specific resolution 

in most large macromolecules, like membrane proteins.  Assuming adequate signal to noise, one 
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can assign an entire protein in this way. For this process, it is critical to have sufficient sample in 

the rotor as the sensitivity of NMR signal degrades with each successive magnetization transfer 

[277, 303, 304].  

  

Figure 2-7 – Examples of multi-dimensional NMR experiments for resonance 

assignments of polypeptides. Adjacent amino acids are designated i and i-1. 

 

2.2.5 Experiments 

SSNMR experiments used in this work are outlined below. 
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2.2.5.1 Cross-polarization 

Hartmann-Hahn (HH) cross-polarization (CP) [305-307] is the primary tool used in 

SSNMR wherein magnetization is transferred between nuclear spins, of either alike or dissimilar 

nuclei. This experiment utilizes the abundance of some nuclei and/or their higher gyromagnetic 

ratio, for example 1H, to enhance the magnetization of less abundant nuclei like 13C or 15N [305, 

306]. The signal enhancement is proportional to the ratio of gyromagnetic ratios of the nuclei, for 

example γ1H/γ13C or γ1H/γ15N [308]. This process is critical for NMR signal transfers in 

heteronuclear multidimensional experiments wherein each successive magnetization transfer 

shows a reduction in signal (see section 2.2.4). 

2.2.5.2 Dipolar Assisted Rotational Resonance 

Dipolar Assisted Rotational Resonance (DARR) [298, 309] is an experiment wherein 

magnetization is transferred from 13C nuclei to other 13C nuclei which are close in space. Mixing 

times can be adjusted to increase the magnetization transfer efficiency in order to obtain longer-

range contacts. This technique recouples 1H-13C and 1H-1H dipolar interactions through 

heteronuclear rotary resonance recoupling (R3) [310] and homonuclear rotary resonance 

recoupling (HORROR) [297], respectively, and results in a broad-band polarization transfer. 

2.2.5.3 INEPT 

Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) [282] is a J-coupling-based 

coherence transfer experiment which has proven viable for SSNMR experiments [283, 284, 311, 

312]. As the J-coupling is not averaged out by MAS, the success of the experiment is not dependent 

upon complete reduction of dipolar coupling. The resulting spectrum gives unambiguous through-
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bond connectivity at the signal transfers through orbital overlap [313] and does not rely on through 

space dipolar couplings [313]. This clarity is extremely useful in the case of mobile fragments 

within proteins which cannot be resolved using DARR. 

2.2.5.4 TOBSY 

Total Through-Bond Correlation Spectroscopy (TOBSY) is another J-interaction-based 

NMR technique. As such, this experiment results in peaks of between bonded carbon atoms by the 

application of specific RF pulses. This experiment can be done in combination with INEPT 

excitation [281, 314]. 

2.2.6 SSNMR of Membrane Proteins 

SSNMR has been used extensively to study membrane proteins and other large protein 

complexes given the lack of restrictions on molecular weight of the sample. Furthermore, the 

ability to reconstitute the protein of interest into lipid systems present a more native environment 

for structural and dynamic studies of membrane proteins as compared to solution NMR (detergent 

micelles) or X-ray crystallography.  Oriented SSNMR has been used to probe the conformation of 

membrane proteins. In this technique, the protein sample is aligned mechanically on glass plates 

or in bicelles with respect to the external magnetic field [315, 316]. This alignment can result in a 

pattern referred to as a polarity index slant angle (PISA) wheel from which backbone structure and 

membrane topology can be ascertained [317]. Protein structures solved using this technique 

include the transmembrane domain of Vpu from HIV-1 [318], influenza A M2 proton 

channel [27], phospholamban [319], and mycobacterial cell division regulatory protein 

CrgA [261]. 

https://www-sciencedirect-com.subzero.lib.uoguelph.ca/topics/biochemistry-genetics-and-molecular-biology/transmembrane-domain
https://www-sciencedirect-com.subzero.lib.uoguelph.ca/topics/biochemistry-genetics-and-molecular-biology/vpu
https://www-sciencedirect-com.subzero.lib.uoguelph.ca/topics/biochemistry-genetics-and-molecular-biology/phospholamban
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Mechanical averaging of dipolar couplings can be done through MAS-SSNMR. In this 

technique the sample is in a solid state. MAS-SSNMR allows for multi-dimensional chemical shift 

correlation spectroscopy which allows for site-specific resolution. The isotopically labelled protein 

is reconstituted into synthetic lipids and centrifuged at a very high speed to remove bulk water. 

The sample is then center-packed into a MAS-SSNMR rotor. This technique has been used to 

determine the structure of several membrane proteins including DsbB [320], phospholamban 

[319], and CXCR1 [321]. More recently, SSNMR has been used in our group to determine the 

structure of C-terminally truncated ASR [230-232, 322]. Paramagnetic relaxation enhancement 

(PRE) was used in combination with 1-Oxyl-2,2,5,5-tetramethylpyrroline-3- methyl 

methanethiosulfonate (MTSL)-labelling of an S26C mutant to elucidate the oligomeric 

configuration and interface between monomers [232]. EPR DEER experiments and CD-

spectroscopy (Circular Dichroism) were used to confirm the trimerization of ASR in both E. coli 

membranes [231] and purified protein reconstituted into synthetic lipids [233]. MAS-SSNMR has 

also become promising for the study of fibrils and intrinsically disordered proteins such as α-

synuclein [323] and myelin basic protein (MBP) [324]. Sample preparation considerations for 

MAS-SSNMR will be outlined in section 3.6. 

2.3 Fourier-Transform Infrared Spectroscopy 

2.3.1 Basic Principles of FTIR 

FTIR is an experimental technique widely used for the characterization of proteins. The 

instrument itself is relatively simple (Figure 2-8). A light source, such as a heated tungsten 

filament, radiates polychromatic light which is directed into an interferometer. A Michelson 
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interferometer contains a beam splitter, for example germanium/KBr, and two mirrors, one static 

and the other oscillating. The split light beams are reflected by the mirrors and recombine at the 

beam splitter, undergo interference due to optical path length difference (Δl), and pass through the 

sample. The mobile mirror will move through data collection at a certain frequency and amplitude 

producing both constructive and destructive interference in the light returning to the beam splitter 

at Δl = mλ or Δl = (m + ½) λ, where m is any integral number. The scanning speed of the mobile 

mirror is responsible for both temporal and spectral resolution of the spectrometer. This property 

thereby dictates the length of time required for the spectrometer to complete a single scan. For 

example, a scanning speed of 10 cm/s or 320 kHz would result in a spectral resolution of 4 cm-1 

with a cycle time of 10 ms [325, 326]. The detector simply records the light intensity that passes 

through the sample. Examples include a high-sensitivity and liquid nitrogen-cooled Hg/Cd/Te 

(MCT) detector or deuterated triglycine sulfate (DTGS) detector, which is less sensitive but does 

not require liquid-nitrogen cooling. The sample chamber is located between the beam splitter and 

the detector and typically consists of the sample placed between two IR inactive windows such as 

CaF2. As a result, the light hitting the detector is the summation of cosine functions and is known 

as the interferogram [327]. The equation for an interferogram 𝐼(∆𝑑) at a single wavelength (λ) is 

𝑰(∆𝒅) = 𝑺 (
𝟏

𝝀
) 𝒄𝒐𝒔 (

𝟐𝝅∆𝒅

𝝀
)                                                        (7) 

Where the interferogram 𝐼(∆𝑑) is a function of the position of the mobile mirror (∆𝑑). The 

intensity of the spectral line at a specific wavelength is 𝑆 (
1

𝜆
). Fourier transformation of the 

interferogram results in a transmission spectrum wherein the intensity of transmitted light is a 

function of frequency of light (normally expressed as the wavenumber (W) (Eq. 8)). 
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𝑾 =
𝟏

𝝀
=

𝒗

𝒄
                                                                         (8) 

Wherein λ is the wavelength of light, v is the temporal frequency of the vibration (corresponding 

to the frequency of the absorbed electromagnetic wave), and c is the speed of light. A secondary 

light source in the spectrometer, an He-Ne laser, is used as an internal frequency calibration 

standard. The beam of the monochromatic laser light goes along the same path as the infrared 

radiation. The distance between two zero crossing points is half the wavelength of the laser light. 

Therefore, the single channel spectrum S(k∆v) as a function of the frequency increment (∆v) and 

its associated counting number (k) can be represented as 

𝑺(𝒌∆𝒗) = ∑ 𝑰(𝒏∆𝒅)𝒆
𝒊𝟐𝝅𝒏𝒌

𝑵𝑵−𝟏
𝒏=𝟎                                                       (9) 

Where  

∆𝒗 =
𝟏

𝑵∆𝒅
                                                                        (10) 

Wherein 𝐼(𝑛∆𝑑) is the digitized interferogram, 𝑁 is the total number of digitized points, and 𝑛 is 

the counting number of the distance difference between ∆𝑑 and two zero crossing points of the 

calibration laser beam. The ratio between the single channel spectrum and that of a reference single 

channel spectrum is then transformed to the absorption spectrum by a decadic logarithm [327, 

328]. Similar to NMR, signal-to-noise of the spectrum is greatly improved with increased number 

of scans [327]. 
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Figure 2-8 – Schematic of a simple FTIR spectrometer. Figure modified with permission 

from Springer Nature [327]. 

FTIR spectra are the result of the absorption of infrared light by different chemical bonds 

at characteristic wavelengths (Table 2-1). Each of these infrared active molecular vibrations must 

be associated with a change in the dipole moment of the chemical bond. Since each structural or 

functional group which comprise biomolecules have unique chemical compositions, they absorb 

IR light at specific frequencies and therefore do not require labeling prior to analysis. Thus, FTIR 

gives an overview of the conformation of the protein which is useful in cases where atomic-level 

resolution is not required. These bond vibrations are also sensitive to isotopic labeling which 

results in downshifting for heavier isotopes. Furthermore, FTIR shows a marked lack of light 

scattering problems as compared to other spectroscopy methods such as circular dichroism and 
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UV/Visible absorption. This property is important for the study of membrane proteins, as the 

presence of lipids usually makes them scatter strongly in the UV region, given the large particle 

sizes. Furthermore, sample sizes required for FTIR are very small, on the order of 10-100 µg. 

Combined with the short measurement times, FTIR is highly advantageous for the study of proteins 

[327]. 

Table 2-1 – Characteristic absorption wavelengths in IR spectroscopy. Signal strength is 

represented by s (strong), m (medium), or v (weak). Table compiled from [329]. 

Functional Group Characteristic Absorption(s) (cm-1) 

Alkyl C-H Stretch 2950 - 2850 (m or s) 

Alkenyl C-H Stretch 

Alkenyl C=C Stretch 

3100 - 3010 (m) 

1680 - 1620 (v) 

Alkynyl C-H Stretch 

Alkynyl C=C Stretch 

~3300 (s) 

2260 - 2100 (v) 

Aromatic C-H Stretch 

Aromatic C-H Bending 

Aromatic C=C Bending 

~3030 (v) 

860 - 680 (s) 

1700 - 1500 (m) 

Alcohol/Phenol O-H Stretch 3550 - 3200 (broad, s) 

Carboxylic Acid O-H Stretch 3000 - 2500 (broad, v) 

Amine N-H Stretch 3500 - 3300 (m) 

Nitrile C=N Stretch 2260 - 2220 (m) 

Aldehyde C=O Stretch 

Ketone C=O Stretch 

Ester C=O Stretch 

Carboxylic Acid C=O Stretch 

Amide C=O Stretch 

1740 - 1690 (s) 

1750 - 1680 (s) 

1750 - 1735 (s) 

1780 - 1710 (s) 

1690 - 1630 (s) 

Amide N-H Stretch 3700 - 3500 (m) 

 

The summation of these characteristic absorptions by specific chemical bonds in 

polypeptide chains results in what are known as amide vibrational modes. Amide I and Amide II 

are used most often by researchers, given the information they provide on secondary structure and 

susceptibility to hydrogen-deuterium exchange. The Amide I band is the cumulation of C=O 
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stretching, with CN and CCN out-of-plane bending vibrations, and small contributions of NH in-

plane bending (Table 2-2). Due to covalent bonding and H-bonding coupling between these 

oscillators, this results in a unique arrangement for each secondary structure element. As such, the 

location and shape of the Amide I peak is of interest for the determination of secondary structure 

of proteins. Previous experimental work has resulted in characteristic absorption ranges for Amide 

I which correspond to the secondary structure elements present in the sample (Table 2-3). 

Mathematical analysis of the Amide I peak through curve-fitting can be used to determine the 

fraction of the protein which contains each secondary structural element. While FTIR does not 

typically offer site-specific resolution, 13C and 15N isotopic labelling can be used to produce 

downshifts in the Amide I and Amide II peaks, respectively. If isotopic labelling is done in specific 

sites, one can isolate elements in the FTIR spectrum. The amide II mode contains significant 

contributions from NH in-plane bending. As such, hydrogen-deuterium exchange of the amide 

protons will reduce the magnitude of the amide II peak. This effect can reflect the degree of solvent 

accessibility of the exchangeable sites and by proxy echoes folding of the protein [327]. 

 

 

Table 2-2 – Amide vibrational modes and approximate wavenumbers in FTIR 

spectroscopy. Vibrational modes denoted by: s, stretching; d, deformation; ib, in-plane 

bending; ob, out-of-plane bending, t, torsion. Table reprinted from Tatulian, 2013 with 

permission from Springer Nature [325]. 

Amide Mode Characteristic Absorption(s) (cm-1) Chemical Bond Contributions 

Amide I 1700 – 1600 CO s, CN s, CCN d, NH ib 

Amide II 1570 – 1540 NH ib, CN s, CO ib, CC s, NC s 

Amide III 1250 NH ib, CC s, CN s, CO ib  
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Amide IV 640 -620 CO ib, CC s, CNC d 

Amide V 735 – 715 CN t, NH ob 

Amide VI 650 – 600 CO ob, CN t 

Amide VII 230 – 200 NH ob, CN t, CO ob 

Amide A 3300 Fermi resonance between NH s and amide II 

Amide B 3100 - 3050 Fermi resonance between NH s and amide II 

 

Table 2-3 – Secondary structural elements as determined by wavenumber of Amide I. 

Table reprinted from Tatulian, 2013 with permission from Springer Nature [327]. 

Secondary Structure Characteristic Absorption(s) (cm-1) 

α-Helix 1658 - 1647 

β-Helix 1640 - 1630 

Parallel β-Sheet 1638 - 1632 

Antiparallel β-Sheet 

 

1638 – 1632 (strong)  

1695 – 1675 (weak) 

β-Turns 1685 - 1655 

Irregular 1660 - 1652 

 

2.3.2 FTIR of Membrane Proteins 

FTIR spectra of membrane proteins often include additional peaks which are correlated to 

vibrational modes of chemical bonds in lipid esters and lipid tails. Membrane proteins 

reconstituted in lipids can be studied by FTIR by being dried onto the CaF2 window to remove 

spectral contributions from water in the amide I region [330-332]. One can estimate the protein to 

lipid ratio of the proteoliposomes through comparison of the magnitude of the lipid ester peak at 

1741 cm-1 relative to amide I (Figure 2-9) [330, 333, 334]. Other lipid peaks seen in the spectra 

include symmetric CH3 stretch at 2870 cm-1, symmetric CH2 stretch at 2850 cm-1, CH2 bending at 

1445 cm-1, antisymmetric COO- stretch at 1623 cm-1, PO stretch at 820 cm-1, and CO stretching at 

1200 cm-1. An estimate of the protein to lipid ratio is helpful when producing samples for SSNMR 

(see section 3.8). Experimentally determined ratios of protein to lipid content based on the 
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amplitude of the lipid ester peak relative to Amide I for an α-helical membrane protein have been 

determined. These ratios can be compared to the spectrum of the sample, to determine the protein 

to lipid content. Additionally, sample quality can be evaluated by detecting contaminants or mis-

folding based on the location and shape of the amide I peak. Considering most membrane proteins 

(with the exception of β-barrel proteins found in the outer membrane of Gram-negative bacteria) 

are predominantly alpha-helical, one should expect a single narrow peak at around 1650 cm-1. 

 

Figure 2-9 – Example of FTIR spectrum for a membrane protein reconstituted in lipids 

as a dried film. Spectrum was drawn representing a predominantly α-helical membrane 

protein reconstituted into lipids. 
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2.4 Resonance Raman Scattering Spectroscopy 

2.4.1 Basic Principles of Raman Spectroscopy 

Raman scattering was originally observed in organic liquids by physicist C. V. Raman in 

1928 in collaboration with K.S. Krishnan. Raman was awarded the Nobel prize in physics in 1930 

[335]. Raman scattering refers to the inelastic scattering of light. When it absorbs a photon, a 

molecule is excited to a virtual energy state for a short time before a photon is emitted (Figure 

2-10). Scattering occurs in approximately 1 in 1000 absorbed photons [336]. In the more common 

Rayleigh or elastic scattering, the scattered photons show no change between the incident 

wavelength and the emitted wavelength. In Raman or inelastic scattering, the wavelengths of the 

emitted photons reflect either the loss (Stokes) or gain (Anti-Stokes) in energy compared to the 

incident wavelength. This change in energy is typically equal to the vibrational transition from the 

ground state to the first excited vibrational energy level. Raman scattering occurs in 1 in 106 to 107 

photons [336]. Raman scattering is more probable when the excitation wavelength used is close to 

the absorption wavelength required to induce an electronic transition in the sample (so-called 

Resonance Raman) [337]. For a given molecular vibration to generate a Raman band, there must 

be a change in polarizability of the vibrating bond, unlike the infrared absorption which relies on 

a change in the dipole moment. Singly bonded or electron-poor groups do not produce an 

appreciable Raman signal since polarizability is contingent upon distortions in the electron density 

of the nuclei. Therefore, groups such as C=O, C-N, S-S, S-C, and S-H which are double bonded 

or have electron rich groups are Raman active. The resulting Raman spectrum is a characteristic 

fingerprint of a molecule [338].  
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Figure 2-10 – Light scattering energy diagram. 

The instrumentation for Raman spectrometers is more complex than IR given the 

measurement of scattered light compared to absorbed light. Additionally, data collection takes 

much longer due to low signal-to-noise compared to IR, leading to more experimental iterations. 

However, a considerable advantage of Raman compared to IR spectroscopy is the low signal 

contributions of water to the resulting spectrum. Thus, the sample can have any level of hydration 

or physical state, for example: solutions, suspensions, precipitates, and crystals [338]. A laser beam 

is used to illuminate a sample located in the sample chamber (Figure 2-11). The wavelength of the 

laser beam can be set to the electronic transition of the chromophore within a complex biological 

matrix such as a protein [339]. As such, one can probe specific features of conjugated molecules 

(e.g., aromatic amino acids, DNA, carotenoids) within larger proteins [335, 340]. The scattered 

light is collected and the Rayleigh scattering is filtered out using a notch or long-pass filter [340]. 

The scattered light is then dispersed by a diffraction grating or can be used with an interferometer 

for collection via FTIR methods as many commercially available FTIR spectrometers can be 

converted to FT-Raman spectrometers. The dispersed light is then collected by a charged-coupled 
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device (CCD) detector or through FTIR methods (see section 2.3.1). Historically, this technique 

has been used for analysing the retinal molecule inside both visual rhodopsin and members of the 

microbial rhodopsin family such as bacteriorhodopsin (BR) [341]. 

 

Figure 2-11 – Sample schematic of a Raman spectrometer.  

 

2.4.2 Resonance Raman Spectroscopy of Rhodopsins 

Rhodopsins contain the covalently bound retinal chromophore attached to a Lys residue on 

helix G. The conjugated double bond structure of this chromophore is Raman active, making 

Raman spectroscopy a useful tool for the characterization of rhodopsins [338, 341, 342]. Retinal 

has previously been probed in BR [339, 341] and GPR [343] (among others) through this 

technique. Isotope labeling results in spectral shifts. Systemic 13C-labeling of atoms in retinal was 
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used to isolate bands in Raman spectra and determine the associated chemical bonds and 

vibrational modes of the labelled atoms in BR (Figure 2-12) [339]. The ethylenic stretch band 

located at 1527 cm-1 in BR is mainly derived from the double bond stretching between C11 and 

C12, and C9 and C10. Other bands between 1639 and 1527 cm-1 are associated with double bonds 

between C5/C6, C7/C8, and C13/C14. Other notable regions include the fingerprint region 

between 1122 cm-1 and 1255 cm-1, which is associated with the single C-C stretching bond between 

C10/C11, C14/C15, C8/C9, and C12/C13, and the Schiff base at 1639 cm-1. The methyl 

deformation band is located at 1448 cm-1 in BR. Another band at 1008 cm-1 is consistent among 

other retinal compounds and is related to symmetric in-plane rocking of C19 and C20 methyl 

groups. The region between 1003 cm-1 and 800 cm-1 is related to hydrogen out-of-plane (HOOP) 

wagging.   
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Figure 2-12 – Chemical structure of all-trans retinal covalently bound to Lys in an opsin 

and corresponding molecular vibrations in a resonance Raman spectrum of retinal-

reconstituted GPR. Spectral bands and their corresponding chemical bonds identified in 

[339]. 

2.5 Stopped-Flow 

Stopped-flow spectroscopy is a frequently used technique to monitor reaction kinetics. 

While this technique has low throughput in terms of numbers of samples that can be 

simultaneously tested, it gives accurate and reproducible kinetics data [344].  In the simplest case, 

compound A containing a substrate, and compound B, containing the reagent, are loaded into two 

syringes which can be simultaneously depressed by a drive ram. The compounds are mixed and 

then driven into an attached optical cell (Figure 2-13) [345]. Data acquisition is begun when the 
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stopping syringe is filled with the reactants and the plunger hits the stopping block. There is a 

“dead time” which is the time required for the reactants to reach the spectrophotometer which has 

been experimentally shown to be approximately 1 ms for a stopped-flow unit from Kinetic 

Instruments Inc. [346, 347].   

The reaction should produce a signal detectable via UV-visible or fluorescence 

spectroscopy which can then be detected as a function of time, on the order of milliseconds. 

Reactions that can be monitored include enzyme reaction kinetics, ligand binding, redox reactions, 

and catalysis reactions such as polymerization, coordination reactions or protein folding [66, 344-346]. 

For water transport assays (as discussed in the context of aquaporins in Section 1.3.6), instead of 

a colorimetric or fluorometric assay, the intensity of light scattering as a function of time is 

measured [49, 66]. As such, the kinetics of these reactions can be determined and empirically 

compared. The reaction kinetics can then be fitted to single or double exponential equations from 

which rate constants of the interactions can be determined. The single and double exponential 

decay equations from which these rate constants can be derived are [348]: 

𝑭 = 𝑭𝟎 + 𝑭𝟏(𝒆
−𝒕 𝝉⁄ )                                                              (11) 

 

𝑭 = 𝑭𝟎 + 𝑭𝟏(𝒆
−𝒕 𝝉𝟏⁄ ) + 𝑭𝟐(𝒆

−𝒕 𝝉𝟐⁄ )                                               (12) 

Where F represents the fluorescence or absorbance signal at a time, t. τ1 and τ 2 are the fitted rate 

constants for the reaction. 
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Figure 2-13 – Schematic of stopped-flow spectrometer set up to measure light scattering. 

Figure modified from Mottola, 1988 [348].  
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Chapter 3  

Recombinant Protein Expression 

Techniques for Structural Studies of 

Membrane Proteins  
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3.1 Overview 

This chapter describes factors for the recombinant expression of proteins, specifically 

membrane proteins, for SSNMR. For production of a protein for structural analysis, several factors 

must be taken into consideration when selecting the expression host. These include time, cost, ease 

of manipulation, and native folding capabilities. Furthermore, when creating the expression 

plasmid, considerable care must be taken to account for codon usage of the intended expression 

host, means of selection, promoter and downstream processing, such as addition of tags, cleavage 

sites, or fusion proteins for purification, stability, and detection. Proper folding and post-

translational modifications of the protein can limit the choice of host strain, as some frequently 

used prokaryotic expression hosts would not be able to perform these functions satisfactorily for 

eukaryotic proteins. The host should be optimized to not perform proteolytic cleavage of the 

recombinant protein. This optimization can be done though genome engineering in organisms like 

E. coli or yeast to remove endogenous proteases. Most importantly, the experimental technique to 

be used on the recombinant protein should be taken into account. This factor can affect cost 

through media and yield requirements, especially in the case of isotopic labelling. Strain selection 

is integral to this process as auxotrophic strains are unable to produce all amino acids, which 

precludes more inexpensive uniform isotopic labelling from single carbon and nitrogen sources. 

Prototrophic strains, however, are excellent choices for uniform labelling, but poor choices for 

specfic labelling schemes (see section 3.6). Yield requirements can also depend on how easily the 

growth process can be scaled up. 

 



 

 

77 

 

3.2 Construct Optimization 

3.2.1 Codon Optimization 

Each organism has its own preference for specific codons of the 64 possible codons in 

nature, this is termed codon bias. This preference is because each organism may not contain tRNA 

to account for all possible codons. For example, humans have tRNAs that correspond to only 48 

codons. By accounting for possible codon bias in a host organism, one can ensure faster and/or 

more accurate translation of the recombinant protein [349]. This effect was observed in the 

production of human aquaporins in P. pastoris, wherein a significant increase in protein expression 

was seen after the gene sequence of the protein was codon optimized for the host organism [350]. 

Approaches include: matching codon usage to that of the expression host [351], using codons 

according to their cognate tRNA concentrations [352], selectively replacing rare codons [353], or 

avoiding occurrences of codon-anticodon pairs that are known to translate slowly [354, 355]. Other 

possible factors include GC content and secondary structure of the mRNA. Weakening mRNA 

folding at the 5’ region should also promote increased protein expression [349]. Several companies 

like Genscript offer gene synthesis services that account for codon bias. 

3.2.2 Fusion Proteins 

The fusion of other proteins to a protein of interest can be beneficial for both structural 

studies and functional assays. The fusion protein gene sequence is added consecutively into the 

vector either before or after the gene encoding the protein of interest. In this way, they are 

translated together and bound by a peptide bond. Green-fluorescent protein (GFP) has been 

frequently used in this capacity such that expression can be monitored by fluorescence in cells, as 
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opposed to western blotting [356]. Fluorescence Correlation Microscopy can be used to identify 

the GFP fusion protein in vivo [357]. Thus, one can exclude transformants with no or little 

expression. GFP-fusion proteins have also proven very useful in subcellular localization studies of 

proteins [358-361] and detergent screening, to identify stably solubilized proteins as the GFP 

fluorescence signal could be used to determined relative concentration of the fusion protein in the 

solubilized fraction. Additionally, the detergent, if too harsh, would denature both the recombinant 

protein and the attached GFP nullifying the GFP signal [356, 362, 363]. Fusion proteins have also 

proven critical for the crystallization of proteins for X-ray crystallography. For example, for G-

protein coupled receptors, the 3rd intracellular loop has been replaced with T4 Lysozyme and other 

proteins for crystallization. This increases the solvent exposed area which allowed for more crystal 

contacts and added extra stability to the protein [364]. Some fusion proteins are beneficial for the 

improvement of expression or membrane targeting. One such protein is Mistic (membrane-

integrating sequence for translation of integral membrane constructs). Mistic is a small hydrophilic 

protein (13 kDa) first discovered in Bacillus subtilis which associates strongly with the E. coli 

inner membrane. This protein has been hypothesized to bypass the translocon complex, 

autonomously integrating proteins into the lipid bilayer. When fused to the N-terminus of 

recombinant membrane proteins, Mistic allows proteins to fold in their native conformations in 

the membrane, which boosts yields [365, 366]. However, Mistic is not always effective in 

eukaryotic hosts, like Pichia pastoris, where human AQP1 yield when fused to Mistic was lower 

as compared to hAQP1 alone [367]. 
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3.2.3 Tags/Cleavage Sites 

Downstream purification of the protein of interest is significantly aided by the addition of 

tags or cleavage sites. These tags can be added to the recombinant protein by adding the sequence 

encoding the tag in-frame with the gene of interest. The most common tag used is the polyhistidine 

tag which consists of 6, 8, 10, or 12 etc. histidine residues added at the N- or C-terminus of the 

protein. In this way, the protein of interest can be bound to a histidine affinity resin consisting of 

a resin bound to a divalent metal ion (Ni2+ or Co2+). A histidine analogue imidazole can be applied 

to the resin in increasing concentrations, typically 30-50 mM, to remove weakly binding proteins 

and contaminants from the resin. Larger concentrations of imidazole, typically in the range of 300-

500 mM, can then be used to compete for the metal binding sites with the protein of interest and 

thus elute the purified protein. This process is termed immobilized metal affinity chromatography 

(IMAC) [368]. IMAC is also generally inexpensive, albeit protein purity may vary and additional 

purification steps may be required afterwards like size-exclusion chromatography [369]. More 

specific tags use resins bound with a monoclonal antibody which binds the tag as an epitope. 

However, these resins are more expensive due to the low capacity and production of epitopes [370, 

371]. These tags are extremely useful for immunoassays techniques such as Western blotting 

(Figure 3-1) or enzyme-linked immunoassay (ELISA). In the case of Western blotting, the 

proteins in the sample containing the protein of interest are separated by sodium dodecyl sulfate 

(SDS)- polyacrylamide gel electrophoresis (PAGE) by size. The proteins are then transferred to a 

membrane such as PVDF which is subsequently incubated with antibodies directed against the tag. 

The membrane is then incubated with secondary antibodies directed against the primary antibody 

which are covalently bound to a reporter. The reporter can be an enzyme, like peroxidase in the 
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case of colourimetric assays or chemiluminescent assays, which cleaves a substrate, producing a 

visible or luminescent stain at the location of the protein of interest [372]. Addition of a cleavage 

site between the protein and the tag allows the tag to be removed by protease enzymes. This 

arrangement is useful in cases where the tag might be located in a functionally important area of 

the protein, such as a site of protein-protein interactions in the case of membrane receptor proteins 

[369].    

 

Table 3-1 - Common tags and cleavage sites attached to recombinantly produced protein. 

Table compiled from [370, 371]. 

Tag Sequence Binding Partner 

His-tag 
HHHHHHHHHH or 

HHHHHH 

Metal Affinity Resin (Ni2+ or 

Co2+) 

FLAG-tag DYKDDDDK Monoclonal antibody 

Strep WSHPGFEK Streptavidin 

Human influenza hemagglutinin (HA) YPYDVPDYA Monoclonal Antibody 

Thrombin Cleavage Site LVPRGS Thrombin 

Human Rhinovirus (HRV 3C) Protease 

Cleavage Site 
LEVLFQGP HRV 3C Protease 

Tobacco Etch Virus (TEV)  Protease 

Cleavage Site 
ENLYFQG TEV Protease 
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Figure 3-1 – Western blotting procedure for the detection of tagged recombinant proteins 

run on SDS-PAGE gels. 

 

3.3 Transformant Selection Methods 

The most common method of successful transformant selection is antibiotic resistance. The 

plasmid containing the DNA sequence of the protein of interest also includes 1-2 genes which 

encode proteins which confer resistance to specific antibiotics [373, 374]. In the simplest case, a 

gene encoding β-lactamase is inserted under a constitutively active promoter on the same plasmid 

as the gene of interest. β-lactamase hydrolyses the β-lactam ring of ampicillin, rendering the 

antibiotic deactivated. Successful transformants, when grown on media containing ampicillin, will 
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be the only colonies present following incubation [375-377] (Figure 3-2a). Other antibiotics 

commonly used on E. coli include kanamycin and chloramphenicol. Shuttle vectors created for 

expression in eukaryotic cells generally contain two antibiotic resistance genes for transformation 

into both E. coli (for DNA amplification) and yeast (a secondary antibiotic such as Zeocin 

(Invitrogen) or Geneticin (Invitrogen)).  

Another selection method involves auxotrophic rescue. This is typically seen in yeast 

transformation. The host cell is modified to be deficient in producing a certain amino acid, for 

example histidine due to the deletion of his4, the gene encoding the fourth enzyme in the histidine 

synthesis pathway. The gene encoding the missing amino acid synthesis enzyme is then 

incorporated into the expression vector so it will be re-introduced into the host cell with the gene 

of interest (Figure 3-2b). Thus, only the successful transformants will grow on histidine deficient 

media. However, this is usually combined with antibiotic resistance to select for the clone with the 

best expression, wherein initial transformants are selected by auxotrophic selection and then re-

plated on increasing concentrations of antibiotic to screen for gene expression. 
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Figure 3-2 – Antibiotic selection (a) and auxotrophic selections (b) in transformed 

colonies. 

 

3.4 Expression Hosts 

3.4.1 Escherichia coli 

Escherichia coli (E. coli) is a widely used expression host due to its relatively quick 

transformation and growth time, economic feasibility, simple scale-up process, and well-known 

and easily manipulated genetics [378]. Since E. coli is a prokaryotic organism and thus has no 

enclosed nucleus, the expression plasmid can be stably introduced to the host cells without 

linearization. The most frequently used vectors for recombinant protein expression in E. coli 

employ part of the inducible lac operon, specifically lacI, lacP and lacO which encode the 

repressor, promoter, and operator respectively. Once the cell culture reaches an appropriate cell 
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density while still in the exponential growth phase, a non-hydrolyzable allolactose analogue, 

isopropyl β-D-1-thiogalactopyranoside (IPTG), is added to the growth medium. IPTG binds the 

lac repressor, which releases the repressor from the lac operator, allowing the transcription of the 

subsequent genes cloned into the operon [378]. Similarly, the ara operon has been employed in 

the past. The gene of interest is cloned into a vector following the araC-PBAD fragment from the 

ara operator to which arabinose binds and positively regulates gene expression [379]. Other 

possible promoters can be constitutively active, resulting in continuous gene expression [380]. 

However, over-expression of proteins can be toxic to the cells; as such, growing to a relatively 

high culture density prior to induction can be preferable [381]. Another important addition to 

vectors for expression in E. coli is the T7 promoter sequence. This 18 bp sequence is recognized 

by the RNA polymerase derived from bacteriophages. This enzyme has a very low error rate. When 

coupled with inducible promoters such as the lac operon, this allows for very high levels of 

expression upon induction [382]. DE3 strains are optimized for this promoter sequence, the 

genome having been modified to over-express T7 polymerase. Tools such as these give researchers 

considerable control over recombinant protein expression in E. coli.  

Numerous commercial strains of E. coli exist which have been engineered to provide more 

robust expression of recombinant proteins. Some have been engineered to be auxotrophic for 

certain amino acids, which can aid in isotopic labelling [383]. In protease-deficient strains, the 

genes encoding proteolytic enzymes have been removed from the genome, preventing protein 

degradation [378]. Strains such as C41 and C43 with mutant T7 polymerases were developed for 

the expression of membrane proteins or toxic proteins [384]. Other strains which have been useful 

for recombinant protein overexpression include BL21-CodonPlus-RIL (Stratagene), which 
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includes extra copies of rare tRNAs, Origami (Novagen), which is engineered to enhance disulfide 

bond formation, Tuner (Novagen), which is lacZY deficient to reduce lactose catabolism and 

thereby improve IPTG induction, ArcticExpress (Agilent), which co-expresses the cold-adapted 

chaperonins Cpn10 and Cpn60 to improve protein folding at low temperatures, and BL21 Star 

(Invitrogen), in which RNaseE is deleted to improve RNA stability. Additionally, E. coli has very 

simple growth and nutritional requirements and thus can grow on minimal media, which makes it 

an attractive host organism for biosynthetic isotopic labelling. BL21-derived strains of E. coli have 

been successfully used to produce microbial rhodopsins for SSNMR, including ASR [186] and 

GPR [189]. However, as a prokaryotic host organism, E. coli lacks the molecular machinery to 

perform post-translational modifications which are integral to the production of most eukaryotic 

proteins. E. coli also lacks some essential lipids and chaperones [385]. This deficiency usually 

results in eukaryotic proteins accumulating in inclusion bodies and re-folding techniques are 

typically required [386-389].  

3.4.2 Yeast 

Yeast is an attractive expression host as it combines the relative ease of use of E. coli with 

the molecular machinery required to produce functional eukaryotic proteins. There are two most 

common strains typically used for protein production: Saccharomyces cerevisiae and Pichia 

pastoris.    

3.4.2.1 Saccharomyces cerevisiae 

While Saccharomyces has shown success with protein production, its main use is related 

to genetic manipulation [390]. This strain was developed in the 1980’s for use in laboratories, 
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though it was traditionally used for baking, brewing, and wine making [391]. In fact, the genome 

of this strain was the first eukaryotic genome to be fully sequenced in 1996 [392]. Common 

selection markers used include the leu2 gene, which restores leucine prototrophy, and the antibiotic 

Geneticin [393]. Commercially, this strain is used to produce many therapeutic compounds 

including insulin, hepatitis B surface antigen, urate oxidase, glucagons, granulocyte macrophage 

colony stimulating factor, and others [394]. The vast knowledge of S. cerevisiae including its 

transcriptome, proteome, metabolome, and interactome, makes this yeast strain a good choice for 

expression screening and troubleshooting of recombinant protein expression [390]. S. cerevisiae 

is industrially important as it can be considered generally safe for human use as designated by the 

FDA [394, 395]. However, this strain requires complex fermentation growth strategies and may 

exhibit plasmid instability, low protein yields, and hyperglycosylation of proteins [396, 397].  

3.4.2.2 Pichia pastoris 

Pichia pastoris (P. pastoris or Komagataella pastoris) is a strain of methylotrophic yeast 

which is frequently used to produce proteins for structural studies [398-401]. Many advantages 

make this yeast strain an attractive host for over-expression of recombinant proteins. Firstly, one 

can produce stable cells lines of the clone containing the gene of interest. The plasmid containing 

the gene encoding the protein can be integrated into the genome of the host organism by 

homologous recombination. Episomal, or non-integrative, plasmids exist as well, but they show 

lower production relative to integrative vectors [393, 402]. Homologous recombination is 

frequently done at the alcohol oxidase 1 (AOX1) promoter site. Alternative promoters, both 

inducible (FLD1 and PEX8) and constitutive (GAP), exist and are preferred for commercial use 

as methanol is a fire hazard and toxic [395]. In brief, the protein gene is cloned into the plasmid 
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following the AOX1 promoter. The plasmid is subsequently linearized within the AOX1 promoter. 

Thus, when transformed into Pichia, the linearized plasmid can integrate into the genome at this 

location (Figure 3-3). This process also allows for multiple insertion events. In fact, protein 

production and level of antibiotic resistance has been found to be proportional to the number of 

copies of the plasmid which are integrated into the genome. Thus, to screen for high expression 

clones, one can plate colonies on successively higher concentrations of antibiotic, for example 

Zeocin [270] or Geneticin (Invitrogen) [403]. This feature can greatly simplify protein expression 

screening of clones, allowing one to use only the clones with the greatest chance of success. 

Furthermore, AOX1 is the first enzyme in the methanol utilization pathway in Pichia. By 

combining the gene of interest with the AOX1 promoter, the production of the recombinant protein 

becomes inducible upon the addition of methanol [404].  
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Figure 3-3 – Homologous recombination during plasmid insertion into P. pastoris 

transformations. Plasmid is linearized at a restriction enzyme site within the AOX1 

promoter which allows for the plasmid to stably insert into AOX1 promoter within the 

yeast genome. Shuttle plasmid shown is an example which includes ampicillin resistance 

(ampR) and Zeocin resistance (ZeocinR) for antibiotic selection in E. coli and P. pastoris 

respectively. Protein gene sequence (POI) has an N-terminal his-tag (HIS) included. 

Many other plasmids exist with difference combinations of tags, insertion sites, and 

antibiotic resistance genes.  

 

Pichia pastoris has the ability to grow to very high cell densities (up to 200 g/L dry cell 

weight [405]), which is a 10- to 100- fold increase relative to Saccharomyces. These higher 

densities are because P. pastoris preferentially performs respiration as opposed to fermentation; 

thus fermentation products like ethanol or acetic acid do not accumulate and hinder growth [406]. 
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In terms of recombinant protein production, while protein yield per cell is important, the increased 

number of cells which can coexist in a growth culture can also positively impact overall 

recombinant protein yield. P. pastoris is grown in a staged feeding process, which can either be in 

shake flask cultures or bioreactors. Cells are initially cultured in glycerol or glucose, which are 

non-fermentable but repress the AOX1 promoter [407]. This stage allows one to achieve a high 

cell density prior to induction. Protein production is then induced by switching the cells to a 

methanol-based medium. However, methanol is toxic to Pichia at higher concentrations. 

Numerous co-feeding strategies have been employed wherein the induction phase medium 

contains a combination of methanol and a secondary carbon source to mitigate the toxic effects of 

methanol [408-410]. P. pastoris does tend to secrete recombinant proteins into the growth medium 

instead of accumulating in the cytoplasm like S. cerevisiae. Secretion is preferable for some 

secreted recombinant proteins as it can be hard to purify proteins from the cytoplasm of yeast due 

to the thick cell wall. Some vectors for expression in P. pastoris encode the α-mating factor from 

S. cerevisiae which targets protein secretion to the growth medium [395]. However, for membrane 

proteins, like AQP’s, secretion is not a concern as the protein is trafficked to the plasma membrane.       

Many commercially produced strains of P. pastoris have been engineered which all derive 

from the wild-type strain NRRL-Y 11430. The common strains of P. pastoris used in laboratories 

are GS115 (his4), which is histidine auxotrophic, and GS190 (arg4), which is arginine 

auxotrophic. Protease deficient strains, such as SMD1163 (pep4, prB1), SMD1165 (prB1), and 

SMD1168 (pep4) exist in both histidine auxotrophic (his4) and histidine prototrophic backgrounds 

[404]. Auxotrophic selection is preferred for recombinant proteins to be used for therapeutics. 

However, auxotrophic selection by itself is insufficient for selection of transformant colonies, 
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resulting in 19% of transformed colonies producing the gene of interest as opposed to 100% when 

selected by Zeocin resistance (Invitrogen). 

Since P. pastoris is a eukaryotic expression host, it has the capability to perform human-

like post-translation modifications on recombinant proteins. This includes glycosylation and 

phosphorylation. Phosphorylation has been seen in Pichia-expressed recombinant proteins, 

including AQP’s [398, 411]. As for glycosylation, up to 40 mannose moieties can be attached via 

a proximal N-acetylglucosamine [412, 413]. O-linked glycosylation, wherein sugar moieties are 

bound via a glycosidic linkage to Ser and Thr residues has also been observed [412, 414]. 

Additionally, Pichia lacks α-1-3-linked mannosyl transferase, which leads to reduced 

glycosylation relative to S. cerevisiae. This deficiency is beneficial for therapeutics as humans are 

allergic to this carbohydrate linkage [415]. Furthermore, strains of P. pastoris exist which have 

been engineered to perform more humanized N-linked glycosylation which opens the possibility 

of producing therapeutic proteins in this strain [416]. 

3.4.3 Mammalian Cell Lines 

Mammalian cells have the advantage of producing correctly folded and processed proteins 

of eukaryotic origin due to native mechanisms for codon usage and post-translational 

modifications. There are two main cell lines used: Human embryonic kidney (HEK-293) and 

Chinese hamster ovary (CHO). Both cell lines can be used for either transient or stable transfection 

[417-420]. Transient transfection, while faster and easier to achieve sufficient protein production, 

can yield variable protein expression levels between batches. Transient transfection can be 

achieved either through viral vectors (e.g. Semliki Forest Virus (SFV), Sindbis Virus (SIN), and 
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Venezuelan Equine Encephalitis Virus (VEEV)) or plasmid DNA which includes an Epstein-Barr 

virus (EBV) origin of replication, allowing the viral plasmid to be maintained as an 

extrachromosomal replicon [417]. Conversely, stable transfection, wherein the construct integrates 

into the genome, is time consuming but allows one to maintain a high production clone. To 

generate stable clones, transiently transfected cells undergo selection pressure wherein cells are 

incubated in a large concentration of antibiotic such as G418, which is used for both yeast and 

mammalian cell lines, prior to storage in the freezer [421]. However, for both methods, yield is 

lower than those achieved in insect cells or yeast. Additionally, growth is very slow and media 

requirements can be complex and very expensive [422]. Scale-up procedures require bioreactors 

and large quantities of plasmid DNA [421]. Mammalian cell lines have grown in popularity in the 

last three years for the expression of recombinant membrane proteins, producing 188 X-ray 

structures using HEK-293 cells and 1 structure from CHO cells [239]. 

3.4.4 Insect Cell Lines 

Insect cell lines combine the native eukaryotic processing with being easier to work with 

compared to mammalian cells. Insect cells transfected with baculovirus containing the gene of 

interest are becoming the dominant expression system for the production of eukaryotic integral 

membrane proteins for X-ray crystallography. Specifically, the insect cell line from Spodoptera 

frugiperda (Sf9) has been used for the expression of 28 eukaryotic integral membrane proteins to 

date for which the structure was determined. The other popular cell line from Trichoplusia ni (Hi5) 

has been used to obtain 57 X-ray crystallographic structures to date, the majority of which were 

published in the last five years [239]. Commercially available kits for expression in insect cells are 

available which makes this a convenient expression system. In short, the gene of interest is cloned 
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into a pFastBac vector, with a baculovirus promoter and flanked by recognitions sites for the 

bacterial Tn7 transposase [423]. This plasmid is transformed into E. coli DH10Bac cells, which 

generates a baculovirus shuttle vector (bacmid) through transposition of the gene of interest from 

the plasmid to the shuttle vector. This bacmid is then isolated and used to transfect the insect cells, 

wherein the baculovirus promoter amplifies and expresses the gene of interest in the expression 

host [418]. However, insect cells require bioreactors and media requirements for cell growth are 

prohibitively expensive for isotopic labelling. For example, Grace’s Insect medium 

(ThermoFisher) contains multiple carbon sources, including 26 g/L sucrose, 0.7 g/L Dextrose, and 

0.4 g/L Fructose, in addition to concentrations of each amino acid ranging between 50 and 600 

mg/L.  

3.4.5 Cell Free Protein Synthesis 

Cell free expression occurs in the absence of a host organism. In short, all the components 

required for expression, including DNA, polymerases, ribosomes, tRNAs, ATP, GTP, and amino 

acids, are combined in vitro. In this system, toxic effects of over-expression on cell viability are 

avoided. Cell-free synthesis has some advantages over expression hosts as one does not need to 

take into account the metabolism of the cell. This makes cell free expression an ideal choice for 

the incorporation of non-canonical amino acids, selective labelling, and site-specific labelling. 

Recent advances have allowed for co-translational solubilization of membrane proteins, wherein 

the cell-free mixture is supplemented with membrane-mimics like detergent micelles, nanodiscs, 

liposomes, or exogenous microsomes. Cell-free systems are designated according to the expression 

host from which extracts were isolated. Crude extracts from cultured cells are depleted of 

endogenous DNA and mRNA, and the lysate is then supplied with the plasmid, either DNA or 
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mRNA, and energy components and amino acids. The most commonly used extract is from E. coli, 

with yields up to 700 mg/L of a soluble protein in 100 L reaction volume [424], although extracts 

from yeast, insect cells, mammalian cells and wheat germ have been used. However, problems still 

exist related to cost of both dialysis systems, to remove cellular by-products which hinder 

expression, and materials, protein folding, and functionality [425].  

3.5 Expression Optimization  

There is considerable variation in the protocols used to produce different proteins for 

structural and functional studies. While some proteins are intrinsically stable, and homogenously 

folded under standard protocols, most proteins require some sort of optimization. Several strategies 

have already been discussed, including codon optimization, fusion proteins, appropriate 

expression host selection, and co-feeding in yeast. Some proteins, such as GPCRs, require the 

addition of antagonists during the expression of the protein to stabilize the newly produced protein. 

Other compounds added to aid GPCR overexpression in P. pastoris include histidine and dimethyl 

sulfoxide (DMSO), which resulted in an overall 8-fold increase in functional receptor expression 

[426]. Overexpression of recombinant proteins exerts great stress on the molecular machinery of 

the host organism. In the case of low protein expression, the addition of growth supplements to the 

media can help match the nutritional requirements of the host organism under the stress of 

overexpression [427, 428]. Some expression systems have higher yields depending on the carbon 

source present at induction, for example expression of tumor necrosis factor related apoptosis-

inducing ligand (TRAIL) in E. coli was 1.59-fold greater when glycerol was used as compared to 
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glucose [429]. This is especially critical in the case of uniform isotopic labelling as any growth 

supplementation must be isotopically labelled if it contains 13C or 15N.   

Modulation of other factors such as oxygen availability [430-432], cell density at induction 

[433-435], co-expression with a partner protein or chaperone, and growth temperature [436-438] 

have also proven critical. Oxygen functions as the terminal electron acceptor in the electron 

transport chain, which is important for aerobic metabolism. However, in oxygen depleted 

conditions, cells will switch to anaerobic metabolism which leads to the buildup of by-products 

like acetate, carbon dioxide, and ethanol which can hinder cell growth [432]. Thus, the use of 

baffled flasks for shake flask cultures or directly monitoring oxygenation in bioreactors can be 

critical for protein expression. High cell density induction has been used frequently in E. coli 

wherein cells are grown to a high density prior to induction. This is very useful when the expressed 

protein is toxic to the host organism [439, 440]. However, high cell density has some disadvantages 

like accelerated oxygen consumption and build-up of cellular by-products. To address this, the 

culture volume to flask volume ratio can be reduced to increase surface area, baffled flasks can be 

used to enhance mixing, and supplementation, for example secondary carbon sources, buffers, and 

magnesium, can be used [439, 440]. Some proteins, like antitoxins, are prone to degradation. 

However, when co-expressed with a coordinate toxin, the degradation is prevented by the binding 

of the toxin and antitoxin. Co-expression of a peptide prone to aggregation with chaperones, which 

bind solvent-exposed hydrophobic domains, has been shown to increase the yield of soluble 

peptides, for example protein phosphatase 1 when co-expressed with GroEL [441]. Lowered 

growth temperatures have been linked with decreased aggregation and lower protease activity. The 

lowered temperature slows down cellular processes, including transcription, translation, and cell 
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division. This practice has been routinely used in E. coli, yeast, insect cells, and mammalian cells. 

Similarly, in E. coli the transcription rate can be reduced by lowering the concentration of the 

inducer [441]. Reducing the transcription rate is especially important for membrane proteins as 

translation and membrane insertion are coupled. By slowing down this process, the potential for 

mis-folding is decreased.  

3.6 Isotopic Labelling of Proteins 

An integral component of producing membrane proteins for structural analysis by NMR is 

isotopic labelling. The majority of proteins for structural and functional analysis can be produced 

in rich media. This means the culture medium contains a plentiful combination of carbon and 

nitrogen sources including digested peptides in the form of tryptone or peptone, amino acids from 

yeast extract, and salts. NMR often requires expression in minimal media, where the sole carbon 

and nitrogen sources are limited and only added in their isotopically labelled form. Whereas rich 

medium using complex carbon and nitrogen sources can also be used to produce uniformly 13C/15N 

labelled (UCN) samples, provided all carbon and nitrogen sources are 13C/15N labelled, minimal 

media is required for selective or sparse labelling schemes as described below. Minimal medium 

contains only the minimum nutrients needed to allow for colony growth, typically a single carbon 

source like glucose or glycerol, and various salts including ammonium chloride or ammonium 

sulfate as the sole nitrogen source. Integration of 13C and 15N atoms into polypeptides can be 

complicated depending on the complexity and stability of the peptide. Uniform isotopic labelling 

of membrane proteins has been traditionally performed in E. coli grown in minimal media. This 

labelling is predictable due to the well-known metabolic pathways and relatively simple protein 
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isolation procedures. There are several well-established growth protocols for the expression of 

uniformly labelled 13C, 15N proteins in E. coli wherein the transformants containing the gene of 

interest are induced using IPTG in M9 medium in the exponential growth phase (Figure 3-4a) 

[186, 189, 284, 323]. Some success has been seen in using lower eukaryotic hosts for the 

expression of human membrane proteins for NMR. Pichia pastoris as an expression host has been 

successfully used to produce cost-efficient SSNMR samples of a fungal rhodopsin from 

Leptosphaeria maculans (LR) [267], and human aquaporin 1 (hAQP1) [266] using the growth 

protocol outlined in Figure 3-4b. However, methanol, which is used as an inducer for expression 

in these protocols, is toxic in large concentrations and does not allow for alternate labeling as it 

has a single carbon atom (but see below for the latest developments to mitigate these problems).  

 



 

 

97 

 

Figure 3-4 - Comparison of growth protocols used for producing SSNMR samples in E. 

coli (a), and in P. pastoris (b). Both protocols use minimal media, denoted M9, buffered 

minimal dextrose (BMD), and buffered minimal methanol (BMM). For isotopic 

labeling, ammonium sulfate, glucose, and methanol are added in 15N and 13C forms.  

 

The use of mammalian or insect cells is rare given the complex media requirements which 

would make isotope labelling prohibitively expensive, although there have been recent advances 

in this field. Bovine opsin was expressed in HEK cells in media supplemented with UCN amino 

acids [442]. Specific labelling using 15N-Lys and 13C-Gly (among other specifically labeled amino 

acids and retinal chromophore) was used for the expression of visual rhodopsin in HEK cells [443]. 

Selectively labelled β2-adrenergic receptor (AR) with methyl-13C-methionine was expressed in 

methionine deficient media in Sf9 cells [444]. Through the use of yeast autolysates produced in 

heavy isotope supplemented media in combination with algal extracts, the overall cost of 

mammalian cell line-based production of UCN-labelled proteins was reduced four- to eight- fold 

in CHO cells and three- to six- fold in HEK cells [445]. Recombinant expression of GPCRs in C. 

elegans was achieved by feeding the worms bacteria grown in 13C/15N media [446]. Success has 

been seen in using natural abundance proteins which are selectively labelled at key residues with 

the NMR-active 19F. This approach was useful for investigating the changes induced by different 

ligands in the β2-AR which was produced in natural abundance media in Sf9 cells [447]. A similar 

study was performed on human adenosine receptor 2A, a GPCR, expressed in P. pastoris [448]. 

Lysine 13C-methylation can also be used to site-specifically label natural abundance (NA)-proteins 

for NMR [449]. A similar strategy uses isotopically labelled ligands with natural abundance 

proteins. This strategy was used for retinal in BR, and the chemical shifts were monitored under 
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different light conditions and thus corresponding conformations of retinal [450]. While this 

approach lacks the site-specific resolution of uniformly 15N,13C labelled protein, it does allow one 

to monitor changes in ligand binding.  

Uniform isotope labelling in large proteins will result in complex spectra. To aid in 

chemical shift assignments, 12C spin dilution can be used. Some labeling strategies selectively 

label residues at pre-determined positions. Sparce labeling should allow for measuring longer 

distances due to the removal of dipolar truncation and simplification of the protein spectra [451]. 

Site-directed isotope labelling has been done in the past in BR, wherein suppressor tRNA 

aminoacylated with an isotopically labelled amino acid was supplied to the growth medium for 

cell-free expression [452]. Another strategy utilizes the addition of low molar amounts of natural 

abundance amino acids which will be preferentially incorporated into the protein, especially if the 

host organism is auxotrophic for that amino acid [453]. Low molar amounts, 1-2 mM, are 

preferable as some amino acids can be metabolized by the cell and their natural abundance nuclei 

will be used to produce other amino acids in the case of nutritional deficiency. This strategy works 

well for amino acids that are terminal products of their anabolic pathway, for example arginine, 

glycine, cysteine, histidine, lysine, and methionine [454]. An inverse of this strategy for selective 

amino acid labelling is also used. In this case, amino acids are added in their isotopically labelled 

form to natural abundance growth media for expression in auxotrophs [383, 453].  

Another strategy employs carbon sources which are alternatively labelled, wherein the 

heavy isotopes are located at alternating positions in the molecule, such as 1,3-13C-glycerol or 2-

13C-glycerol. In simple organisms like E. coli, this process produces a well studied labelling 

pattern. Glycolysis in E. coli follows a well-defined pathway, from which labelling patterns for 



 

 

99 

 

amino acids can be predicted based on the position of the 13C label in the carbon source [455]. For 

example, in Val, two central carbon atoms, Cα and Cβ, originate from the second position in 

glycerol [456]. However, amino acids which are synthesized via the citric acid cycle will be present 

as a mixture of isotopomers; these include Thr, Gln, Pro, Arg, Asp, Met, and Lys. Isotopomers 

will have the same number of isotopic atoms per residue but the isotopes will vary in position 

[457]. A variation on this strategy was employed in P. pastoris wherein a secondary carbon source 

was added in the methanol induction phase of the expression of Leptosphaeria rhodopsin (LR) 

which was either 1,3-13C-glycerol or 2-13C-glycerol [458]. Spectral resolution improved 

significantly with sparse 13C-labelling, showing that 12C spin dilution decreased 13C line widths, 

likely through the reduction of one bond 13C–13C J-couplings [458].  

Deuteration of proteins can assist in simplifying spectra by diluting 1H spins in a sample. 

The vast proton network within proteins and strong proton homonuclear dipolar coupling can result 

in line broadening [459, 460]. One of the strategies used for 1H dilution is perdeuteration where 

all protons in a protein are replaced with deuterons. The protein of interest can be produced in 

media where all proton sources are added in their deuterated form. This includes water, carbon, 

and nitrogen sources which can be commercially obtained. Care must be taken to slowly 

acclimatize the cell stock to increasing concentrations of D2O, as deuteration can greatly retard 

cell growth [221]. Also, any buffers used for the subsequent isolation and purification of the 

protein must also be made in D2O to prevent proton back-exchange. Protons can then be re-

introduced into the exchangeable sites, when required. Another frequently used technique is 

deuterium back-exchange wherein UCN-labelled protein samples grown in H2O are incubated in 

a deuterated buffer. In this way solvent accessible amide protons can be exchanged for deuterons. 
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One can compare 1H-15N heteronuclear spectra before and after back-exchange to identify solvent 

accessible sites within the protein [461, 462].    

SSNMR samples are generally quite large, on the order of 5-10 mg per sample, to achieve 

adequate signal-to-noise ratios. Good signal-to-noise ratios are especially important when UCN 

samples to be used for structural characterization, given that 3-dimensional heteronuclear 

experiments incur signal loss with successive transfer, although progress has been recently made 

using DNP to amplify signal for smaller samples [182, 183, 463, 464]. Purity and structural 

uniformity are also of great importance [465]. Any contaminants co-expressed in the isotopically 

labelled media will result in line broadening and peaks related to the contaminant as opposed to 

the protein being studied. A similar effect can be seen in the case of structural heterogeneity. If the 

local chemical structure of every residue in the protomer differs from that of its neighbour 

protomer, one will see a range of chemical shift values for a single nucleus, broadening the 

spectrum. If one considers this effect as higher dimensional SSNMR spectroscopy is used, 

assignments would be completely unfeasible as instead of sharp cross-peaks, there would be 

unusable blobs. This unfavourable possibility makes the preparation of isotopically labelled 

samples critical beyond the expression stage so that one has a large quantity of homogenously 

folded and pure protein reconstituted into an appropriate synthetic membrane system. This process 

is outlined in Figure 3-5. 
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Figure 3-5 – General protocol for the purification and reconstitution of recombinant 

membrane proteins for SSNMR. 

 



 

 

102 

 

3.7 Membrane Protein Isolation 

The next critical step in membrane protein sample preparation is extraction of the 

recombinant protein from the host organism’s cellular membrane. The cells are broken through a 

combination of enzymatic and mechanical methods.  These methods include: lysozyme (for E. 

coli) or lyticase (for yeast) enzymatic digestion, sonication, freeze/thaw cycles, French press, or 

glass bead disruption [466]. It is critical to prevent over-heating at this stage, which could denature 

the recombinant protein. The broken cell membranes are then isolated from the cytoplasmic 

components through differential centrifugation (Figure 3-5).  

The membrane components are then extracted using soluble amphiphiles called detergents. 

This process is extremely important as detergent type, concentration, and length of detergent 

incubation can affect protein stability and yield [467]. There are four main classes of detergents: 

ionic, non-ionic, bile acid salts, and zwitterionic (Table 3-2). Every protein is unique in its 

detergent requirements, needing a detergent which amply mimics its native lipid membrane to 

protect the protein from the hydrophilic environment while not disrupting the structure of the 

protein. Usually, one needs to employ a detergent screen to select for the best detergent which will 

keep the protein stable and not denature it [468]. After the membranes have been incubated for 

enough time, the sample is centrifuged and the insoluble debris will remain in the pellet, while the 

solubilized protein-detergent complex will remain in the supernatant. Subsequently, the protein is 

purified by chromatographic steps like IMAC prior to preparation for experimental analysis 

(Figure 3-5). 

Table 3-2 – Detergent classes used for membrane protein isolation. Table modified with 

permission from Elsevier [469].  
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Class Structure Strengths Weaknesses Examples 

Ionic 

Hydrophobic 

hydrocarbon chain with 

charged head group 

Excellent at 

solubilizing 

membrane 

proteins 

Generally 

denaturing to an 

extent 

SDS 

Non-ionic 

Uncharged, polar 

headgroup with 

polyoxyethylene or 

glycosidic group 

Mild and non-

denaturing 

Short chain can 

be deactivating 

OG, DM, DDM, 

NG, Triton X-100, 

Triton X-114 

Bile Acid 

Salts 

Steroid group with 

charged head group 

Mild and not 

generally 

deactivating 

 

Sodium 

deoxycholate, 

Sodium cholate 

Zwitterionic 

Steroid group with both 

polar uncharged and 

oppositely charged 

groups 

Useful for 

structural studies 

More 

deactivating than 

non-ionic 

detergents 

CHAPS, CHAPSO, 

LDAO 

 

Ionic detergents are extremely effective but often lead to irreversible aggregation and 

protein precipitation. It is this effectiveness that makes SDS extremely useful for the extraction of 

membrane proteins and denaturation of proteins for gel electrophoresis [468]. Some proteins such 

as BR, self-organize into 2D crystals which are remarkably stable and can be refolded even from 

a harsh detergent such as SDS [470]. Non-ionic detergents are frequently used for membrane 

protein solubilization, as they are mild and non-denaturing, as they target protein-lipid or lipid-

lipid interactions as opposed to protein-protein interactions. However, nonionic detergents with 

short chains, between seven and ten carbons, can lead to deactivation of the protein, unlike longer 

chain alternatives. The most popular nonionic detergent is n-dodecyl-β-d-maltoside (DDM), which 

has been used for numerous studies as it solubilizes membrane proteins well while retaining the 

protein’s functional state [470, 471]. Bile acid salts, due to their rigid steroid group structure form 

kidney-shaped aggregates instead of micelles and are generally milder than equivalently charged 

ionic detergents. However, bile acid salts have not been used successfully for the crystallization of 
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porins [472]. Finally, zwitterionic detergents are generally not used for protein solubilization but 

they have been useful for crystallization [470].    

A vital property of a detergent to be used for extraction of integral membrane proteins is 

critical micelle concentration (CMC). This value denotes the concentration above which detergents 

self-assemble to form thermodynamically stable, non-covalent aggregates called micelles [473]. 

The CMC is a combination of head group repulsive forces and hydrophobic tail interactions [469]. 

Detergents with a low CMC are generally required in lower concentrations as compared to 

detergents with high CMC for membrane protein extraction. Detergents with relatively high CMC 

are also more likely to be dialyzable [468].  

Table 3-3 – Properties of commonly used detergents. Properties taken from Anatrace.  

Detergent CMC (mM) MW (g/mol) 

DM 1.8 483 

DDM 0.17 511 

NG 6.5 306 

OG 20 292 

CHAPS 6 615 

CHAPSO 8-10 631 

LDAO 1-2 229 

SDS 7-10 289 

Triton X-100 0.2-0.9 625 

 

3.8 Lipid Reconstitution 

There are many ways of reconstituting proteins into lipids for functional and structural 

analysis. The two primary methods employed to remove detergent are dialysis and Biobeads. In 

dialysis, the protein-lipid mixture is put in a dialysis membrane bag with an appropriate cut-off 

size, as determined by the size of the protein, and incubated against a detergent-free buffer to 
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slowly remove the detergent from the sample. This allows the proteoliposomes to form. 

Alternatively, for detergents with low CMC (for whom dialysis would be unfeasible or take a very 

long time [474]), polystyrene beads can be used [475-477]. The detergent is removed through 

hydrophobic absorption onto polystyrene beads such as Bio-Beads SM-2 (Bio-Rad) [478]. This 

has been widely accepted as a reproducible method to obtain proteoliposomes from a variety of 

detergents. During the removal of the detergent, the proteins and lipids in the reconstitution 

mixture self-associate into bilayers.  

There exists a very large number of combinations of possible lipid compositions. Ideally, 

one would mimic the native lipid environment of the recombinant protein’s origin. There are many 

factors which can affect protein-lipid interactions, including lipid size, shape, saturation, and 

charge. Hydrophobic mismatch, wherein the lipid fatty acid tails are either too long or too short 

compared to the relative transmembrane length of the protein, can affect protein function and 

stability [479]. The shape of the lipid affects the resultant lipid structure, for example liposomes, 

micelles, and lamellar formations. Conical lipids have been shown to affect bilayer formation for 

the production of oriented SSNMR samples, since they introduce curvature into the bilayer [480]. 

Examples of these include phosphatidic acid (PA), phosphatidylethanolamine (PE) and 

cardiolipin, which have an inverted conical shape. Certain lipid combinations have been shown to 

impede cubic phase formation. This was seen for heart polar lipid extract (Avanti Polar Lipids, 

Inc.), which maintained a lamellar phase formation, whereas brain and liver polar extracts (Avanti 

Polar Lipids, Inc.) formed a cubic phase upon heating [481]. Unsaturation of fatty acid chains in 

phospholipids and the presence of steroid lipids can increase membrane fluidity [8, 10]. Integral 
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membrane proteins can include hydrophilic residues at the cytoplasmic and extracellular interfaces 

which may interact with lipid head-groups and impart structural stability [482].  

For MAS SSNMR, the purified protein is reconstituted into proteoliposomes at a relatively 

high protein to lipid ratio, for example 2:1 (w/w), although lower protein to lipid ratios have been 

used. This is to ensure the highest possible amount of protein can be packed in the rotor. In contrast, 

biological membranes are approximately 50% protein and 50% lipid by weight [483]. One also 

wants the protein to be structurally homogenous when reconstituted and remain stable for long 

periods of time [484]. Proteins which tend to crystallize in two dimensions frequently make good 

NMR samples as they are predisposed to tight packing and stable protein-protein contacts. This 

has been seen in both ASR and hAQP1, as analysed by small-angle X-ray scattering [231, 485]. 

The lipid combination of 9:1 (w/w) phosphatidylcholine (PC) to phosphatidic acid (PA) has been 

used for many membrane proteins including microbial rhodopsins, LR, hAQP1, and BmrA [165, 

189, 266, 268, 484]. Other mixtures such as 1:1 DMPC:DMPG (MBP) [284] and 4:1 DOPC/DOPE 

(phospholamban) [319] have been used. Similar to detergent screening, testing reconstitution of 

the protein of interest in different lipid combinations and detergent removal techniques may be 

required. FTIR is useful in this respect, as it can monitor structural homogeneity and protein to 

lipid ratios of natural abundance samples prior switching to isotopically labeled samples produced 

for NMR. 

Recent success has been seen in the use of nanodiscs, polymersomes and polymer 

nanodiscs for the reconstitution of membrane proteins for structural and functional characterization 

[181, 486, 487]. Nanodiscs consist of a phospholipid bilayer supported by membrane scaffold 

proteins. The length of the membrane scaffold protein determines the effective diameter of the 
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nanodisc. Nanodiscs allow membrane proteins to be accessible from both the extracellular and 

cytoplasmic interfaces, which is promising for the study of protein-protein interactions [181]. 

Polymersomes consist of amphiphillic polymers which can be designed to mimic appropriate 

membrane thickness. Some polymersomes can be ten-fold larger in both thickness and molecular 

weight than phospholipids which can form vesicles of comparable size to eukaryotic cells [488]. 

Other polymers have been used to mimic biological membrane thickness to increase protein 

stability [489]. Furthermore, polymersomes are more stable than liposomes and less prone to 

oxidation, leading to lower permeability and lower lateral fluidity. Recently, hybrid liposomes-

polymersomes (HLPs) have been developed which combine the biofunctionality of liposomes with 

the stability of polymersomes. One of these approaches is polymer nanodiscs, called styrene maleic 

acid lipid particles (SMALPs). These hybrid particles have the advantage that the SMA co-

polymer can insert into the lipid membrane, forming a scaffold which can extract small discs from 

the biological membrane, including membrane proteins. Thus, one can purify membrane proteins 

in a detergent-free environment [490]. These systems present a possible future direction for 

SSNMR sample preparation. 



 

 

108 

 

Chapter 4  

Biosynthetic Production of Isotopically 

Labelled 13C-Retinal for Structural and 

Functional Studies of Rhodopsins 

This chapter was previously published [489]: 

Munro, R.A.; de Vlugt, J.; Ward, M.E.; Kim, S.Y.; Lee, K.A.; Jung, K.-H.; Ladizhansky, V.; Brown, L.S. Biosynthetic 

production of fully carbon-13 labeled retinal in E. coli for structural and functional studies of rhodopsins. 

Journal of biomolecular NMR 2019, 73, 49-58. 

It is republished with permission from Springer. The full text is available at 

https://link.springer.com/article/10.1007/s10858-019-00225-9. Further permissions related to the 

material excerpted should be directed to Springer. 
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4.1 Introduction 

Rhodopsins are a distinct class of seven transmembrane α-helical proteins, found in 

animals, fungi, microscopic algae and other protists, bacteria, Archaea, and viruses [184, 491-

494]. These proteins covalently bind a retinal chromophore via a Schiff base (Figure 4-1), typically 

at a lysine residue on helix 7. This chromophore is essential to rhodopsin function as the retinal 

molecule absorbs light, isomerising mainly from an all-trans configuration to 13-cis in microbial 

rhodopsins, and from 11-cis to all-trans in animal rhodopsins. The isomerisation results in overall 

conformational changes in the proteins which perform photosensory, ion-transport, and enzymatic 

functions as a result. The ability to produce this ligand in its fully isotopically labeled form could 

be critical for structure determination and functional studies of microbial and animal rhodopsins. 

In particular, carbon-13 labeling of retinal is required for solid-state and solution NMR studies of 

rhodopsins and can be also very useful for their FTIR and Raman spectroscopy investigations. 

Such studies often relied on singly, doubly, or multiply 13C-labeled retinals derived from in vitro 

synthesis [186, 341, 495-500], which gave a limited amount of structural information, compared 

to what could be potentially obtained from fully labeled retinals. While in vitro synthesis of fully 

labeled retinals is possible [501-503], it can be very expensive and requires very substantial 

organic chemistry expertise; simpler and more cost-effective biotechnological approaches look 

very attractive as an alternative. 

In the past, when organic synthesis was used to obtain isotopically labeled retinal for NMR 

studies, chemical shifts have been assigned for free retinal and its Schiff base in solution [504], as 

well as for retinal bound to both eukaryotic and microbial rhodopsins. Specifically, chemical shift 
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assignments for a uniformly 13C-labeled 11-cis-retinylidene molecule derived from total synthesis 

were obtained in bovine rhodopsin [502]. Likewise, the chemical shifts of 13C-labeled retinal in 

bacteriorhodopsin (BR) in both isomeric states (all-trans-BR568 and 13-cis-BR548) have also been 

obtained previously [505, 506]; these assignments provide a useful reference when assigning the 

retinal carbons in other microbial rhodopsins. More recently, a number of retinal carbons have 

been assigned in other microbial rhodopsins using site-specifically 13C-labeled retinals [216, 226, 

227, 229, 498, 499, 507-510].  

In this work, we use proteorhodopsin (PR) as a model system to demonstrate biosynthetic 

production of 13C-retinal. Proteorhodopsins act as light-driven proton pumps, as observed in both 

marine bacterial membranes [511] and in E. coli expressed recombinant PRs [512]. Similar to all 

rhodopsins, PR contains seven transmembrane α-helices and a covalently bound retinal molecule 

in the transmembrane domain [216, 513]. Chemical shift assignments using solid-state NMR 

(SSNMR) have been previously obtained by our group for 153 of the 238 residues in a green-

absorbing PR [189, 223]. Despite the significant number of assignments, we have not been able to 

determine the structure of PR, due to insufficient density of distance constraints. Additional 

distance constraints within the retinal binding pocket might prove useful for structure 

determination and will greatly benefit from the ability to produce a fully isotopically labeled retinal 

molecule bound within the protein. While retinal resonances have not been fully assigned in PR, 

the extent of these assignments is the second highest among microbial rhodopsins (after BR) [216, 

226, 227, 229, 498, 499].   
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Figure 4-1 - Structure of Lysine-Retinal Schiff base as found in microbial rhodopsins 

with carbon atoms numbered. 

 

In cells, retinal is derived from the carotenoid molecule β-carotene in a reaction catalysed 

by a dioxygenase [514]. The biosynthetic pathway for beta-carotene is well studied and has been 

introduced as an exogenous pathway into many organisms, most famously golden rice [515]. 

Carotenoids are synthesized from the 5-carbon building block molecules isopentenyl diphosphate 

(IPP) and dimethylallyl diphosphate (DMAPP). There are two pathways which produce these 

building blocks using the products of glycolysis: 2-C-methyl-D-erythritol-4-phosphate (MEP) and 

mevalonate (MVA). However, it has been found that most prokaryotes, such as E. coli, only 

possess the MEP pathway [516]. This is important for isotopic labeling strategies as the citric acid 

cycle in the MVA pathway can introduce scrambling when using sparsely labeled carbon sources 

such as 2-13C-glycerol, which is often used in NMR studies [517, 518]. The carotenoid synthesis 

pathway has been introduced to E. coli in previous studies with the addition of the genes crtE, B, 

I, and Y  from Erwinia carotovora [201, 514, 519]. The addition of the exogenous MVA pathway 

has also been used to boost expression of carotenoids in E. coli [520]. In order to produce retinal, 

a dioxygenase expressed using a L-arabinose-inducible promoter was introduced to this system 



 

 

112 

 

[201]. As retinal is chemically unstable in aqueous environments, its extraction requires an organic 

solvent layered on top of the expression medium [521, 522]. Alternatively, to prevent oxidative 

degradation, retinal can be co-expressed with a microbial rhodopsin such as PR, which will 

covalently bind the ligand and protect it [201].  

A similar system was used in the E. coli strain UT5600, a K-12 derivative, which we 

employed previously to characterize color-tuning mutations of green-absorbing PR using selection 

of colonies with different color after random mutagenesis [523]. However, that strain is 

auxotrophic for proline, leucine and tryptophan and, as such, it is not optimal for 13C-retinal 

production, calling for the modification of this system to work in a prototrophic E. coli strain, 

which is also suitable for membrane protein overexpression. In order to achieve expression of PR 

and retinal in UT5600 cells, low concentrations of Pro and Leu (1 mM) were sufficient. However, 

Trp needed to be added in excess of 10 mM to achieve adequate expression. Unfortunately, the 

excess Trp, when added in natural abundance form, entered the citric acid cycle and thus natural 

abundance atoms were incorporated into other amino acids. Resonance Raman spectroscopy of PR 

co-expressed with retinal with either 1,3-13C-glycerol or 2-13-C-glycerol as a carbon source, which 

should isotopically label retinal at predictable positions (Figure 4-2), confirmed that scrambling 

occurred. Notably, we observed the incomplete downshifting of the C=NH stretching vibration at 

1653 cm-1 in both samples, which indicated that 15N in the Schiff base was diluted from scrambling 

as well. Resonance assignments using 2-13C-glycerol as the carbon source resulted in tentative 

chemical shift assignments for retinal in PR for C1, C5, C6, C9, C10, C13, and C14 [524]. Given 

the scrambling, poor yields, and the expense of adding labelled amino acids to the growth medium, 

prototrophic strains, including HMS174 (Novagen), SG13009 (Qiagen), M15 (Qiagen), DL323 
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[525], and K10-15-16 [526], were investigated for use of this two-plasmid system consisting of 

pOrange and pKJ900. But, expression of the retinal precursor, β-carotene, could not be achieved 

in any of these strains. As a result, new plasmids for this study for expression in BL21, a strain 

optimized for over-expression due to lack of proteases which has worked well in the past for the 

expression of ASR [165] and PR [223], were developed. 

 

Figure 4-2 – Expected (assuming the lack of scrambling) alternate labeling scheme for 

retinal when produced in E. coli with either 1,3-13C-glycerol (orange) or 2-13C-glycerol 

(teal) as the carbon source [524]. 

 

In this work, we showed that retinal biosynthesis in prototrophic E. coli strains is an 

effective and cost-efficient solution to 13C isotopic labeling of this ligand. Upon induction, these 

cells will synthesize PR with internally produced retinal, allowing for isotopic labeling of both the 

opsin and the chromophore. Through the use of this system and multidimensional solid-state NMR 

spectroscopy, we demonstrated that a number of additional retinal carbons can be assigned in PR. 

This expression system also shows the ability to produce retinal which can be extracted during 

growth using the organic solvent octane, which can be used to reconstitute other opsin proteins, 

either unlabeled or isotopically labeled with desired patterns elsewhere.    
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4.2 Materials and Methods 

4.2.1 Materials 

Common chemicals of reagent grade were purchased from either Fisher Scientific 

(Unionville, Ontario, Canada) or Sigma-Aldrich (Oakville, Ontario, Canada). The isotopically 

labeled compounds 15NH4Cl and 13C6-glucose were obtained from Cambridge Isotope 

Laboratories (Andover, MA). The Ni2+-NTA (nitrilotriacetic acid) agarose resin was purchased 

from Qiagen (Mississauga, Ontario, Canada). Lipids were purchased from Avanti Polar Lipids 

(Alabaster, AL). 

4.2.2 Transformation into BL21 E. coli 

The strain of cells used for this study was E. coli BL21 Gold (Agilent Technologies), which 

was transformed with two plasmids optimized for expression of retinal-producing enzymes and 

PR in this strain: pAC-Beta-ipi [527] (Addgene) and pKA103 (custom made in K.-H. Jung’s lab, 

Sogang University, Seoul, South Korea, derived from pKJ900 [523] as described below). BL21 

derivatives have been successfully used in our group for producing high quantities of isotopically 

labeled microbial rhodopsins [223, 528] for structural studies and thus BL21 Gold is a good host 

for this novel plasmid system. pAC-Beta-ipi was a gift from Francis X. Cunningham Jr. (Addgene 

plasmid # 53277; http://n2t.net/addgene:53277; RRID:Addgene_53277) [527]. pAC-Beta-ipi 

plasmid contains the genes encoding CrtE, B, I, Y, and isopentenyl diphosphate isomerase (ipi) 

which are responsible for the synthesis of β-carotene from FPP under a constitutively active 

promoter resulting in an orange cell appearance.  
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The second plasmid, made by K.-H. Jung’s lab, pKA103, contains the genes for C-

terminally 6xHis-tagged PR and Mus musculus 15’,15’-β-carotene dioxygenase. On this plasmid, 

PR expression is regulated by the IPTG-inducible lac operon promoter and β-dioxygenase 

production is regulated by L-arabinose induction. In addition, to further enhance β-carotene 

production, three more genes - dxs and fni from Bacillus subtilis and gpps2 from Abies grandis 

[520] - are expressed under a constitutive cat promoter. The 1-deoxy-D-xylulose-5-phosphate 

synthase (dxs) gene and isopentenyl pyrophosphate isomerase (fni) genes were obtained from 

Bacillus subtilis str. 168 (GenBank Accession No. CP019662.1, 2523503..2525404 for dxs and 

2393394..2394443 for fni) by PCR using primers dxs-F (5′- 

GATCTTTTATCAATACAGGACCCGTC -3′) and dxs-R (5′- 

TCATGATCCAATTCCTTTGTGTGTCTTTGG -3′) for dxs, and fni-F (5′- 

GTGACTCGAGCAGAACGAAAAAGA-3′) and fni-R (5′- 

TTATCGCACACTATAGCTTGATGTATTGAC -3′) for fni. The PCR products were cloned into 

a T-vector (T-Blunt™ PCR Cloning kit, SolGent Co., Ltd., Seoul, Korea). The geranyl diphosphate 

synthase (GPPS2) gene of Abies grandis (GenBank Accession No. AF513112) was synthesized 

by Cosmo Genetech Co., Ltd. (Seoul, Korea) with codon optimization for E. coli. Each of the dxs, 

fni, and GPPS2 genes were subsequently amplified with primers linked to the cat promoter by 

PCR, followed by sequential insertion right after the PR gene using In-Fusion HD Cloning Kit 

(TaKaRa Bio Inc., Japan) to create the pKA103 plasmid.  

The plasmids pAC-Beta-ipi and pKA103 were transformed into BL-21 Gold cells by heat-

shock transformation. Transformants were selected on 2X YT plates (1.6% (w/v) Tryptone, 0.8% 

(w/v) Yeast Extract, 0.8% (w/v) NaCl, 1.5% (w/v) Agar) containing 50 µg/mL chloramphenicol 
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and 100 µg/mL ampicillin to select for successful transformation of pAC-Beta-ipi and pKA103 

respectively. Transformed colonies were grown in 2 mL of M9 media overnight at 30°C. Cultures 

were diluted to OD600 of 0.1 and allowed to grow until A600 was 0.35 OD. Cells were induced with 

0.2% L-Arabinose and 1 mM IPTG and allowed to grow for 24 hours at 30°C at 275 rpm. The 

cells were centrifuged at 5000 ×g for 10 min and the colour of cell pellets was evaluated. A colony 

was selected for large scale growth based on the strength of the pink colour of the induced cells. 

4.2.3 Large Scale Growth  

The selected colony was inoculated in 2 mL of M9 media and incubated in a shaker 

overnight at 30°C. The cells were diluted to 25 mL of M9 and allowed to grow for another 24 

hours. The culture was diluted to OD600 of 0.1 (Cary-50, Varian) in 1 L of M9 and allowed to grow 

until OD600 was 0.35. Cells were induced with 0.2% (w/v) L-Arabinose and 1 mM IPTG and 

incubated for 24 hours at 30°C at 275 rpm. The culture was spun down at 5000 ×g for 10 min, and 

the pellet was stored at -20°C. Samples for SSNMR were grown in M9 medium with 13C-labeled 

glucose and 15N-labeled ammonium chloride as the sole carbon and nitrogen sources. Natural 

abundance trials were conducted using either glucose or glycerol as the sole carbon source to 

investigate the effect on the yield. Overall, the yield was slightly higher using glycerol (9.3 mg per 

L culture) as compared to glucose (8.2 mg per L culture). Glucose was chosen for uniform isotopic 

labeling due to cost considerations.     

4.2.4 Purification 

Cells were incubated with lysozyme (12 mg per liter of culture) and DNase (600 U per liter 

of culture) and lysed with sonication. Broken membranes were collected with centrifugation at 
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150,000 ×g for 50 min at 4°C. Membranes were solubilized in 2 % (w/v) Triton X-100 (TX) 

overnight at 4°C. Insoluble material was removed by centrifugation at 150,000 ×g for 50 min at 

4°C. The supernatant was batch bound to NTA-Ni2+-Agarose (Qiagen) resin overnight. The resin 

was then transferred to a column and washed in 3 column volumes (CV) of wash buffer (50 mM 

Tris-HCl, pH 8, 300 mM NaCl) with 35 mM imidazole with 1 % TX followed by 5 CV of 35 mM 

imidazole with 0.05% (w/v) n-dodecyl-beta-D-maltoside (DDM). The protein was eluted with 

wash buffer containing 500 mM imidazole and 0.05% DDM. The eluate was concentrated by 

centrifugation in an Amicon Ultra concentrator (cut-off 10 kDa) and buffer exchanged to 

reconstitution buffer (10 mM Tris-HCl, pH 9, 5 mM NaCl, 0.05% (w/v) DDM) and concentrated 

to 2 mg/mL of PR. Approximately 7 mg of purified PR was obtained from 1 L of culture. The 

molar amount of PR was determined by the absorbance of opsin-bound retinal using the extinction 

coefficient of 44,000 M-1cm-1 [529]. Free retinal was added to purified PR and absorbance at 530 

nm was monitored to verify that under our expression conditions this system produces sufficient 

quantities of retinal as to reconstitute all expressed proteo-opsin.  

4.2.5 Retinal Extraction and Reconstitution 

BL21 Gold cells transformed with the plasmids pAC-Beta-ipi and pKA103 were grown in 

M9 media with glucose and ammonium chloride as the sole carbon and nitrogen sources. As in the 

case of PR expression described, cells were grown to an OD600 of 0.35 in 1 L of media. At 

induction, 0.2% L-arabinose and 25 mL of octane were added to the growth culture (but no IPTG 

was added to induce PR expression) and the culture was shaken at 30°C at 275 rpm in a 2.5 L 

Fernbach flask. At 24 hours and 48 hours after induction, an additional 25 mL of octane was added 

to the growth culture. After 72 hours, the culture was centrifuged at 5000 ×g for 15 min at 4°C. 
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The top layer containing the octane and produced retinal was collected and subsequently 

centrifuged at 150,000 ×g for 20 min to remove all cellular debris. The octane in the collected 

layer was then evaporated using a gentle stream of air, and the extract was resuspended in 

isopropanol. The retinal yield was estimated using the extinction coefficient of 42,800 M-1cm-1 at 

382 nm [530]. Both the biosynthetically produced extracted retinal and commercially obtained 

retinal (Sigma) were added to reconstitution buffer (10 mM Tris-HCl, pH 9, 5 mM NaCl) and the 

pH was re-adjusted to 9. Exogenous proteo-opsin was expressed in BL21-Codonplus-RIL E. coli 

and purified as described previously [223], but without the addition of all-trans-retinal at 

induction. Each retinal aliquot was mixed with 200 μg of DDM-solubilized proteo-opsin and 

incubated in the dark for 10 minutes, and pigment reconstitution was monitored using UV-Vis 

absorption spectroscopy (Cary-50, Varian). 

4.2.6 Lipid Reconstitution 

PR was mixed overnight with liposomes comprised of DMPC/DMPA lipids (Avanti) (9:1) 

(w/w) at a protein to lipid ratio of 2:1 (w/w), as described previously [189]. Detergent was removed 

by incubating the mixture at 4°C with Bio-beads (Bio-Rad) for 24 hours. The proteoliposomes 

were removed by syringe and centrifuged down at 150,00 ×g for 30 min, 4°C. The proteoliposomes 

were resuspended in NMR buffer (25 mM CHES, pH 9, 10 mM NaCl) and centrifuged twice at 

900,000 ×g for three hours at 4°C to remove water from sample.  

4.2.7 Solid-State NMR spectroscopy 

The proteoliposome pellet was center packed into a 3.2 mm thin-wall SSNMR rotor 

(Bruker). NMR experiments were performed on a Bruker Avance III spectrometer operating at a 
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proton frequency of 800.230 MHz, and equipped with Bruker 3.2 mm EFREE magic angle 

spinning (MAS) 1H-13C-15N probe. The MAS frequency was 14.3 kHz, and the sample temperature 

was maintained at 5°C in all experiments. 1D cross-polarization (CP) MAS [531] spectrum was 

recorded using 1H/13C cross-polarization optimized around the n=1 Hartman-Hahn condition [532] 

with 62.5 kHz radio-frequency (rf) power on 13C and with the r.f. field ramped linearly around 

76.8 kHz on the proton channel. Protons were decoupled during 13C acquisition using 87 kHz 

SPINAL64 proton decoupling [533]. 

2D 13C -13C correlation spectra were recorded with 50 ms Dipolar-Assisted Rotational 

Resonance (DARR) mixing [309, 534]. 2612 and 1300 points were collected in the direct t2 and 

indirect t1 dimensions, respectively, with t1 and t2 time increments of 8.4 μs and 6.2 μs. 32 scans 

per point were recorded with a recycle delay of 1.7 s. Carbon chemical shifts were indirectly 

referenced to DSS through the 13C adamantane downfield peak resonating at 40.48 ppm [276]. 

The sample for the reference DARR dataset collected on the uniformly labeled PR with 

natural abundance retinal (UCN-PR) was produced in BL21-Codonplus-RIL E. coli, purified, and 

reconstituted in lipids as described previously [189]. 

4.2.8 Raman Spectroscopy 

Proteoliposomes for Raman Spectroscopy were prepared in the same way as for SSNMR 

and packed into a metal holder (5 µl well). FT-Raman spectra were measured in Bruker FRA106/s 

accessory to the IFS66vs spectrometer, with excitation at 1024 nm, at 2 cm-1 resolution, in back-

scattering geometry. 
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4.3 Results and Discussion 

4.3.1 Raman Spectroscopy 

Raman spectroscopy was used to verify the isotope labeling of retinal and to confirm its 

isomeric state, in purified PR reconstituted into proteoliposomes for better signal-to-noise ratio 

and purity. Raman spectra were taken for both a natural abundance PR sample and for the fully 

isotopically labeled PR with biosynthetically-produced 13C-retinal (UCN-PRret), and resulted in 

excellent spectral quality (Figure 4-3). Both samples were produced using the two-plasmid, retinal 

producing cells. The spectrum of the natural abundance sample is consistent with predominantly 

all-trans configuration of the retinal [217, 342]. A large shift is expected in the 1653 cm-1 C=N 

stretching peak due to the labeling of both 15N [535] and 13C (C15) [339] of the retinal Schiff base, 

which can be seen in a downshift of 38 cm-1. The main ethylenic C=C stretch at 1536 cm-1 is 

downshifted by 33 cm-1; this large shift is indicative of complete labeling of the sample. The 

fingerprint C-C stretching vibrations in the 1,100-1,300 cm-1 region are shifted very significantly 

as well. Specifically, the main C-C stretching vibrations showed downshifts of 20 and 30 cm-1 

relative to their natural abundance peaks at 1200 and 1165 cm-1, respectively. However, as most 

of the bands in the fingerprint region are a combination of different group vibrations, it is difficult 

to further assign this region to individual bond vibrations. In general, the shifts observed in the 

UCN sample relative to the natural abundance sample were larger than expected from the earlier 

data on doubly labeled retinals [341]. There are two prominent peaks which correspond to methyl 

groups, the peak corresponding to methyl group deformation at 1450 cm-1 is only downshifted by 

4 cm-1 while the methyl rocking peak at 1006 cm-1 resulted in a larger shift of 13 cm-1 when 13C-
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labeled [339]. Neither of these peaks is expected to shift based on singly 13C-labelled or doubly 

13C-labelled retinal in BR. The observed downshifts are likely due to the complete labeling of the 

retinal molecule resulting in larger effects on the combination Raman bands involving more than 

one bond vibration. These effects are due to coupling of C=C and C-C stretching vibrations with 

in-plane rocks and wagging of CCH bonds which contributes to the greater magnitude downshifts 

[339, 536]. This effect is also seen in the HOOP wagging region between 1000 and 800 cm-1.  

 

Figure 4-3 – Normalized Raman spectra of natural abundance PR (black) and UCN-

PRret (red). Major peaks are labeled for both samples. 

4.3.2 SSNMR Experiments 

One-dimensional 13C-CP MAS SSNMR spectroscopy was initially used to verify the 

isotope labeling of retinal, by identifying three distinct chemical shifts (166.7, 163.7, and 147.0 
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ppm), which do not exist in UCN-PR samples with natural abundance retinal (Figure 4-4). Given 

the strong homology to BR, these shifts can be tentatively assigned as C13, C15, and C9 nuclei 

(Table 4-1); C13 and C9 resonances appear to be weaker, most likely because they are 

deprotonated. From the previous NMR spectroscopy data [189, 216] we expect that only carbon 

resonances corresponding to the all-trans-retinal conformation would be detectable, albeit some 

of them may be obscured by protein resonances in the 1D spectra. In the 2D spectra, carbon-carbon 

correlation peaks can then be assigned and verified by comparing with the respective spectra of 

isotopically labeled PR reconstituted with exogenous natural abundance retinal. 

 

Figure 4-4 – One-dimensional 13C-CP MAS SSNMR spectra of the UCN-PR with 

uniformly 13C-labeled retinal (UCN-PRret). The experiment was performed at 5 °C and 
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1536 scans were accumulated. Retinal peaks of C9, C13, and C15 that could be identified 

from the 1D experiment are indicated. 

A 2D carbon-carbon correlation spectrum collected with 50 ms DARR mixing was used to 

unambiguously assign the chemical shifts of C6-C15, C19, and C20 (Figure 4-5). A strong cross-

peak at 163.6/121.8 ppm corresponding to the known correlation of C15 and C14 [227] was used 

as the starting point. Both C14 and C15 carbons show two- and three-bond correlations to the 

methyl C20 carbon at 121.8/15.7 ppm and 163.6/15.7 ppm, respectively. The detected chemical 

shift of C20 is close to the 14.9 ppm shift previously assigned by solution NMR of PR solubilized 

in detergent [216].   

C20 shows strong correlation to C13 at 15.7/166.7 ppm, further corroborated by the 

symmetric cross peak at 166.7/15.7 ppm. Surprisingly, the latter peak is more intense than the 

diagonal peak corresponding to C13. Additionally, using the series of cross-peaks originating from 

C20 resonance at 15.7/139.8, 15.7/132.5, and 15.7/121.8 ppm, one can unambiguously assign C11-

C15 (Figure 4-5, Table 4-1).  

C11 (139.8 ppm) is located equidistant to the methyl groups, C20 and C19, which resulted 

in strong well isolated cross-peaks at 15.7 ppm and 15.2 ppm.  A series of additional cross-peaks 

with the C19 resonance can be seen at 147.0, 134.7, 132.4, and 130.5 ppm (Figure 4-5). 

Assignments for these chemical shifts were done taking into account homology to BR, and the 

assumption that cross-peaks only occur given that the carbons are sufficiently close in space or 

within two-bonds. As such, one can assign C7-C10 given their proximity to C19 (Figure 4-5, 

Table 4-1). A secondary cross-peak located at 134.7/132.4 ppm (C8/C10), and an overlapped peak 

at 132.5/139.8 ppm (C10/C11 and C12/C11) were used to confirm these assignments (Figure 4-5). 
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Another strongly resolved cross-peak at 37.1/32.1 ppm is unique to the UCN-PRret sample 

(Figure 4-5). The two methyl groups attached to C1 are chemically indistinct in PR and thus 

overlap creating a strong peak which can be found in the 2D-DARR spectrum. Therefore, it is 

most likely that these shifts correspond to C1 (37.1 ppm) and C16/17 (32.1 ppm). A putative 

assignment for C6 was further confirmed with a cross-peak with C1 at 139.8/37.1 ppm (Figure 

4-5).  

Assignments for the retinal carbons 2-5, and 18 could not be deduced from the spectrum. 

The cross-peaks for C2-4 are most likely located very close to the main protein diagonal in the 

region associated with CA-CA protein cross-peaks. The combination of low signal-to-noise and 

proximity of the cross-peaks for these carbons to the main diagonal are likely the reason why they 

could not be unambiguously assigned in our experiments.  
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Figure 4-5 – 2D carbon-carbon correlation spectra of UCN-PRret (black) and of UCN-

PR with natural abundance retinal (red). Both spectra were taken with the mixing time 

of 50 ms and at 5°C. Links between cross-peaks are indicated with grey lines and retinal 

carbons are labeled according to their assignments (Table 4-1).  
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PR shares homology with BR, including similar retinal binding pockets. The majority of 

the chemical shift assignments found for retinal within PR and BR are very similar within a margin 

of +/- 2 ppm after accounting for referencing relative to TMS (Table 4-1). This is indicative of a 

very similar chemical environment surrounding the retinal ligand. The greatest chemical shift 

deviations are seen at carbons 6, 10, and 12 which are shifted in UCN-PRret by -2.7, 2.4, and 3.6 

ppm relative to BR568 (with all-trans-retinal) when adjusted for referencing. This may reflect 

subtle differences in the retinal binding pocket structure, such as the noticeable shift of the position 

of Tyr-200 (Tyr-185 in BR) found in X-ray structures of several PR homologs (Figure 4-6) [513]. 

 

 

Figure 4-6 – Structure of the retinal binding pocket in PR (a) and BR (PDB ID: 5ZIM) 

(b). 3D homology model of PR was generated using BPR (PDB ID: 4JQ6 [167]) as a 

template. Amino acids located within 4 Å of retinal (grey) are shown. Figures were 

generated in Chimera [73]. 

 

Table 4-1  – Chemical shifts of all-trans-retinal in solution, in BR, and in PR  for 13C-

labeled carbon atoms. Retinal and BR shifts adapted from (a) Harbison et al. [504] and 
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(b) Smith et al. [506]. PR peaks were adapted from (c) Mehler et al. [498] and (d) Reckel 

et al. [216]. 

Position All-trans-retinala BR568b PR§ UCN-PRret§ 

1 33.7 34.5  37.1 

2 40.2 42.7   

3 20.4 18.6   

4 32.4 34.6   

5 128.5 144.8   

6 134.2 135.4  139.9 

7 130.2 129.5  130.5 

8 135.15 132.7  134.7 

9 141.4 146.4  147.0 

10 130.2 133.0 130.0c* 132.4 

11 133.9 139.1 137.3c* 139.8 

12 134.0 134.3 130.0c* 132.5 

13 155.5 164.8 163.2c* 166.7 

14 129.8 122.0 120.2c* 121.8 

15 189.4 160.0 160.8c* 163.7 

16 30.9 28.9  32.1 

17 29.7 28.9  32.1 

18 21.7 22.0   

19 13.1 11.3  15.2 

20 13.1 13.3 14.9d 15.7 

* Values were obtained with dynamic nuclear polarization (DNP) experiments [498] 

 § 13C shifts referenced with respect to DSS which is approximately 1.8 ppm more than 

TMS [276] which was used for all free retinal [504], and retinal in BR chemical shifts 

[506] 

4.3.3 Retinal Extraction and Reconstitution  

The next step for developing the system for production of biosynthetically 13C-labeled 

retinal was to verify if it can be extracted from cells, and reconstituted into any retinal binding 

protein of a desired isotopic pattern (e.g., natural abundance, 15N labeled, or specifically 13C-

labeled, as required by experimental design). We used the method of having a hydrophobic layer 

on top of the growth media, developed earlier, in which biosynthetically produced retinal is 
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extracted during growth using octane [522]. Trials were conducted using dodecane as the 

hydrophobic layer as used in Jang et al. 2011 and 2014 [521, 522]. Retinal yields were equivalent, 

but dodecane could not be evaporated due to a much higher boiling point (487 to 491 K) as 

compared to octane (399 K). Evaporation is critical as to concentrate the retinal and resuspend 

retinal in a solvent (such as isopropanol or ethanol) that is miscible with water-based buffers and 

won’t denature the opsin. The production and reconstitution of retinal were monitored using UV-

Vis spectroscopy. The biosynthetically produced retinal had an absorption maximum at 382 nm 

which is comparable to commercially synthesized retinal (Sigma) (Figure 4-7a). However, there 

were also additional peaks at 454 nm and 485 nm in the spectrum of biosynthetic retinal, which 

indicate the presence of β-carotene and other contaminants (Figure 4-7a).  

Both the biosynthetic and commercial retinals were used to reconstitute purified proteo-

opsin in DDM micelles. Upon binding proteo-opsin, they both resulted in an absorption peak at 

525 nm which is characteristic of the alkaline form of retinal-bound green-absorbing PR [213] 

(Figure 4-7b). However, the presence of extra aromatic compounds which co-extracted with the 

biosynthetic retinal could be observed based on the increased magnitude of the 280 nm peak 

relative to the 525 nm peak for an equivalent amount of PR as compared to the commercially 

obtained retinal (Figure 4-7b). Octane will extract all hydrophobic cellular growth by-products 

and, as such, the biosynthetic retinal solution also contains co-extracted impurities; they can be 

easily removed by techniques such as HPLC in future experiments if needed. It is likely that further 

purification of retinal will not be necessary, as rhodopsins efficiently bind it from the crude extract. 

The estimated functional retinal yield using the peak at 525 nm was 0.1 mg, which is sufficient for 

reconstituting up to 10 mg of a microbial opsin. 
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(b) 

Figure 4-7 – UV-Vis spectra of biosynthetically produced retinal (red) and commercially 

produced retinal (Sigma, black). A. Absorption spectra of both retinals in isopropanol. 

B. Absorption spectra of purified proteo-opsin in detergent (DDM) micelles reconstituted 

with extracted retinal and purchased retinal. 

4.4 Conclusions 

I found that the described two-plasmid system in a prototrophic E. coli strain is effective 

and economical for producing homogenously 13C-labeled retinal, both when co-expressed with a 

rhodopsin and when extracted by an organic solvent. As a first demonstration of the applicability 

of this system, we obtained chemical shift assignments for 15 out the 20 carbons in retinal in PR 

by magic angle spinning SSNMR (Table 4-1). While the remaining 5 carbons are difficult to assign 

at this stage, given the likely proximity of their cross-peaks to the main diagonal of the PR 2D-

DARR spectrum, we are confident that we will be able to assign them in the future using natural 

abundance protein as a background. The use of a two-phase growth culture with octane as the top 

layer shows promise as a method to extract biosynthetically derived retinal from a minimal media 
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growth culture which can be used to reconstitute opsin. As a proof of principle, we demonstrated 

that one can reconstitute an exogenous opsin of interest labeled in a desired pattern (e.g., 

specifically, sparsely, 15N, or not labeled at all) using this unpurified extract. However, since 

octane extracts various hydrophobic compounds from the growth media (not just retinal), an 

additional purification step, such as HPLC, may be used on extracted isotopically labeled retinal 

prior to reconstitution into opsin for SSNMR studies in the future, if needed, even though opsins 

efficiently pull retinal out of the mixture. The ability to extract 13C-retinal provides flexibility in 

that this biosynthetically produced retinal can be used for rhodopsins which express poorly in E. 

coli. Additionally, since the glycolysis pathway in E. coli is very well-studied, we can introduce 

distinct labeling schemes in the biosynthetic retinal using singly, or doubly 13C-labeled carbon 

sources. This system should be also easily adaptable to produce fully deuterated retinal. Thus, this 

system will be useful for various NMR and FTIR experiments on rhodopsins, where 

conformational changes of the chromophore are studied, as well as in NMR experiments where 

retinal-protein distances and their changes are measured.   
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Chapter 5  

Improved Protocol for the Production of 

Isotopically Labelled Human Aquaporin 

2 for Solid-State NMR 

This chapter was previously published [536]: 

Munro, R.; de Vlugt, J.; Ladizhansky, V.; Brown, L.S. Improved Protocol for the Production of the Low-

Expression Eukaryotic Membrane Protein Human Aquaporin 2 in Pichia pastoris for Solid-State 

NMR. Biomolecules 2020, 10, 434. doi: 10.3390/biom10030434 

It is republished with permission from the Multidisciplinary Digital Publishing Institute (MDPI). 

The full text is available at https://www.mdpi.com/2218-273X/10/3/434. Further permissions related 

to the material excerpted should be directed to MDPI. 
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RAM transformed the hAQP2 plasmid into P. pastoris, prepared all hAQP2 samples and 

performed growth optimization experiments, FTIR spectroscopy, and functional assays. The 

plasmid encoding hAQP2 was designed by RAM and LSB and purchased from Genscript. NMR 

experiments were performed by JdV and VL. NMR spectra were processed by JdV and RAM. 

Mass spectrometry experiments were performed by Paula Pittock of the Biological Mass 

spectrometry facility and Kristina Jurcic of the Biochemistry MALDI mass spectrometry facility 

at the University of Western Ontario and interpreted by RAM.  
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5.1 Introduction 

The robust expression of milligram quantities of a structurally homogeneous protein and 

its functional reconstitution into a membrane-like environment are the key requirements for the 

successful structural and dynamic SSNMR analysis of a membrane protein [257, 258, 465, 537]. 

Heterologous expression of eukaryotic membrane proteins can be especially challenging due to 

intrinsic low expression levels as well as native-folding and post-translational modifications which 

are not supported by the E. coli expression system [538-540]. This is exemplified by the poor 

expression of GPCRs in E. coli-based systems [541-548]. As such, it is beneficial to use eukaryotic 

hosts which can suitably mimic the protein’s native expression conditions. Previously, the 

methylotrophic yeast Pichia pastoris has been used for producing eukaryotic membrane proteins 

for structural studies [72, 400, 549-556]. P. pastoris is an ideal host for the production of 

isotopically labelled proteins given its ability to perform post-translational modifications resulting 

in natively-folded eukaryotic proteins [406, 557, 558]. Additionally, there is a large number of 

established protocols for efficient and inexpensive isotopic labeling of proteins in P. pastoris, and 

its usefulness as the expression host for numerous proteins for crystallographic structures is well 

established [399, 401, 559].  

Previously, we adapted protocols developed for isotopic labeling of soluble proteins in 

Pichia for the production of the integral membrane proteins: fungal rhodopsin from Leptosphaeria 

maculans (LR) [267], and human aquaporin 1 (hAQP1) [266]. These protocols yielded high-

resolution MAS SSNMR spectra of uniformly, doubly (15N/13C) labeled protein, with expression 

yields of approximately 5 mg per liter of culture. However, when it comes to human membrane 
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proteins, this success with hAQP1 may not be typical, and is partly due to its intrinsically high 

expression level and relative stability [560]. Other human aquaporins may be more challenging to 

express for SSNMR studies, as they show reduced production relative to hAQP1 in fermenter-

based P. pastoris cultures [350]. Furthermore, isotopic labeling in minimal media can introduce 

stress into the host cells, reducing expression yields in comparison to enriched media production 

[539, 561]. Therefore, it is critical to optimize the minimal media contents and growth conditions 

for a specific protein prior to switching to labelled media. 

In this study, we expressed human aquaporin 2 (hAQP2), which is located in the apical 

plasma membrane of collecting duct cells and acts as a selective water channel responsible for 

20% of water reabsorption in the nephron of the kidney [72, 562]. hAQP2 concentration in the 

plasma membrane is tightly regulated through a vasopressin V2 receptor signal transduction 

pathway and hAQP2 dysfunction has been linked to impaired cellular trafficking which leads to 

nephrogenic diabetes insipidus (NDI) [38, 563]. Of the 52 mutants associated with autosomal 

recessive NDI (ARNDI), 44 retained water transport activity which implies that these functional 

mutants can be rescued from the endoplasmic reticulum and trafficked to the plasma membrane 

by some therapeutic compound [136, 137]. Potential future studies of these mutants by SSNMR is 

contingent upon obtaining sufficient quantities of hAQP2 both in the wild-type and ARNDI mutant 

forms. 

hAQP2 expresses quite poorly compared to hAQP1, even under fermenter conditions 

[350]. While both proteins are orthodox aquaporins, hAQP1 is naturally present in high quantities 

in the plasma membrane due to dense packing, complete trafficking to the plasma membrane, and 

low degradation [560]. This makes hAQP2 a challenging target for SSNMR sample development. 
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Structures for hAQP2 have previously been determined using X-ray crystallography; however, the 

long C-terminal tail was either truncated for stability or resulted in a long alpha-helix protruding 

into the cytoplasm (the truncated wild-type structure PDB ID 4NEF [72], and the S256A mutant 

structure PDB ID 4OJ2 (unpublished)). This tail is functionally important being the location of 

multiple phosphorylation, protein-protein interaction, and ubiquitination sites [100, 104, 564]. As 

such, it is important to be able to study this protein in its full-length wild-type form. SSNMR is 

advantageous in this respect as the protein does not need to undergo crystallization, and thus the 

long C-terminus can be studied in a more native environment.  

Expression of aquaporins in Pichia has been well studied and optimized in bioreactors to 

result in exceptional yields [270, 350, 367, 560]. However, the use of fermenters may be cost-

prohibitive in the case of uniform isotopic labeling because of the requirement of the continuous 

addition of isotopically labeled carbon sources during induction. Typical fermenter conditions for 

AQP’s in P. pastoris consume 60 g of glycerol and 200-400 mL of methanol for a 3 L culture 

[367]. In contrast, a 1L shaker flask culture uses 6.35 g of glucose and 5 mL of methanol [266, 

268]. Methanol, which induces recombinant protein production in Pichia, is toxic to the cells in 

excessive amounts. As the protein responsible for the first oxidation reaction in the methanol 

utilization pathway, alcohol oxidase I, has a low affinity for oxygen [407, 565]. In order to process 

the methanol being added to the culture to induce protein expression, large amounts of oxygen are 

also required, to prevent cell death due to methanol toxicity. Fermenters are advantageous as 

oxygen addition can be controlled, which can allow for continuous addition of methanol and 

thereby increased expression.  
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Another strategy employed for fermenter cultures is sorbitol co-feeding wherein a mixed 

feed of the carbon sources sorbitol and methanol is given [367, 408-410, 566-568]. Sorbitol is an 

excellent additional carbon source as it does not repress gene expression and increases biomass 

and decreases the presence of a protein degradation products [367, 566]. The co-feeding procedure 

appears to reduce cellular stress which thereby reduces degradation and aggregation of 

recombinant proteins [409]. More specific to aquaporins, sorbitol has previously been seen to 

reduce degradation products during P. pastoris recombinant expression of hAQP10 [107]. In these 

studies, sorbitol was added in the feed mixture with methanol in a proportion of 60% sorbitol to 

40% methanol [107]. However, this high concentration of sorbitol is unfeasible for SSNMR 

samples, and one needs to test the optimum amount of sorbitol to add, as it is an additional 

expensive carbon source which must be supplied in its isotopically labelled form. As such, one 

must find a way to employ and optimize these strategies in minimal media shaker flask cultures 

while reducing overall costs. Previously, expression of a soluble protein (extracellular domain of 

α-subunit of a Mus musculus muscle acetylcholine receptor) in shaker flask cultures was seen to 

increase in the presence of 0.5 g/L sorbitol [568]. In this case, the methanol to sorbitol ratio was 

10:1, which suggests that sorbitol’s beneficial effect can be employed at a much smaller 

concentration.  

Here, we report an optimized sample preparation procedure for full-length, wild-type 

hAQP2 expression for SSNMR in Pichia pastoris. This expression protocol referred to as low-

temperature, sorbitol, equal volume induction (LT-SEVIN) combines low temperature post-

induction growth, sorbitol supplementation, and high cell density induction which together can 

improve protein yield 10-fold. The protocol results in a structurally homogenous sample, which 
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gives high resolution MAS-SSNMR spectra suitable for in-depth studies of structure and 

dynamics.  

5.2 Materials and Methods  

5.2.1 Materials 

Common chemicals of reagent grade were purchased from either Fisher Scientific 

(Unionville, Ontario, Canada) or Sigma-Aldrich (Oakville, Ontario, Canada). Isotopically labeled 

compounds (15NH4)2SO4, 
13C-Sorbitol, 13C-Methanol and 13C6-glucose were obtained from 

Cambridge Isotope Laboratories (Andover, MA). The Ni2+-NTA (nitrilotriacetic acid) agarose 

resin was purchased from Qiagen (Mississauga, Ontario, Canada). Lipids were purchased from 

Avanti Polar Lipids (Alabaster, AL). A plasmid with hAQP2 sequence inserted was purchased 

from GenScript (Piscataway, NJ). 

5.2.2 Transformation 

The gene encoding hAQP2 (UniProt ID: P41181) with a N-terminal 10xHis tag and a TEV 

cleavage site was codon optimized for P. pastoris and ligated into the plasmid pPICZ B with no 

C-terminal tags. The plasmid was linearized with BstXI and transformed into the P. pastoris strain 

SMD1168H by electroporation. The electroporated cells were incubated at 30°C without shaking 

for 3 hours and then plated on YPDS (1 % (w/v) Yeast extract, 2 % Peptone, 2 % Dextrose, 1 M 

D-Sorbitol) plates with 0, 100, 200, and 500 µg/mL Zeocin. Plates were incubated at 30°C for 5 

days until transformant colonies appeared. 
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5.2.3 Colony Screening 

Thirteen transformed colonies were re-plated on YPD (1 % (w/v) Yeast extract, 2 % (w/v) 

Peptone, 2 % (w/v) Dextrose) plates containing increasing amounts of Zeocin (500, 1000, 1500, 

and 2000 µg/mL) to select for transformants with the highest copy number of the hAQP2 plasmid. 

The four colonies which grew on 2000 µg/mL Zeocin were inoculated in 5 mL of BMD (0.8 % 

(w/v) Ammonium Sulfate, 2.5 % Glucose, 0.34 % (w/v) YNB without amino acids and ammonium 

sulfate, 4x10-5 % (w/v) biotin, 100 mM Potassium Phosphate buffer, pH 6) and grown overnight 

at 30°C at 300 rpm. Cultures were diluted to 25 mL and allowed to shake for additional 24 hours. 

The overnight cultures were centrifuged at 1500 ×g for 10 min and the supernatant was discarded. 

The cell pellet was resuspended in 25 mL of BMM (0.8 % (w/v) Ammonium Sulfate, 0.5 % (v/v) 

Methanol, 0.34 % (w/v) YNB without amino acids and ammonium sulfate, 4x10-5 % (w/v) biotin, 

100 mM Potassium Phosphate buffer, pH 6) and grown at 30°C, 240 rpm for 24 hours. Cells were 

collected by centrifugation and washed twice with 150 mM NaCl. 

Cell pellets were resuspended in 2 mL of Breaking Buffer (50 mM Potassium Phosphate, 

pH 7.5, 10 % (w/v) Glycerol, 2 mM EDTA, 1 mM PMSF) with 1 mL of acid-washed, ice-cold 

glass beads. The mixtures were vortexed with 1 min on/1 min off pulses for a total of 8 min ‘on’. 

The cells were centrifuged at 700 ×g and the supernatant collected. The supernatant was 

centrifuged at 13,000 ×g for 10 min and the new supernatant was discarded. The pellets were 

analysed by SDS-PAGE and Western blot. The colony which resulted in the strongest band at ~25 

kDa was selected for further growth and used for all subsequent experiments. 
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5.2.4 SDS-PAGE 

SDS-PAGE was carried out by using Bio-Rad vertical electrophoresis system according to 

the manufacturer’s instructions. Gel solutions were prepared according to Table 5-1 and poured 

between two glass plates to form a gel with 5 mm thickness. Sequentially, the separating gel was 

poured first and allowed to polymerize for 1 hour. Then, the stacking gel was added, with a 1.0 

mm comb and allowed to polymerize for 30 min. The gel cassette was submerged in running buffer 

(25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) in the electrophoresis chamber. 

 Table 5-1 – Composition of solutions used to prepare SDS-PAGE gels. 

Component 5% Stacking Gel 12.5% Separating Gel 

Acrylamide Stock Solution 

30% (w/v) acrylamide 

0.8% (w/v) bisacrylamide 
 

0.67 mL 5 mL 

Stacking Gel Buffer 

0.5 M Tris, pH 6.8 

0.4% (w/v) SDS 
 

1 mL / 

Separating Gel Buffer 

1.5 M Tris, pH 8.8 

0.4% (w/v) SDS 
 

/ 3 mL 

Water 
 

2.32 mL 3.95 mL 

10 % (w/v) ammonium 

 persulfate 
 

12 μL 36 μL 

TEMED 
 

6 μL 18 μL 

Total 4 mL 12 mL 

For samples in the membrane, pellets were resuspended in 200 μL of 10% (w/v) SDS and 

incubated at 65°C for 10 min. The mixture was centrifuged at 13,000 ×g for 5 min and the 

supernatants were collected. 20 μL of the supernatant was mixed with 5 μL of 5X SDS-PAGE 
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loading dye (10% (w/v) SDS, 500 mM DTT, 50% (w/v) Glycerol, 250 mM Tris-HCL, pH 6.8, and 

0.5% (w/v) bromophenol blue dye) and loaded into a well. For solubilized protein, the sample was 

concentrated to 2 mg/mL and 5 µL of sample was incubated for 10 min at 65°C with 5X SDS-

PAGE loading dye. Samples were run at 110 V for 90 min and bands were stained overnight with 

Coomassie Blue Stain (0.1% (w/v) Coomassie Blue G-250 (Bio-Rad), 45% (v/v) methanol, 10% 

(v/v) glacial acetic acid). The gel was then destained in MilliQ water for 24 hours. 

5.2.5 Western Blotting 

Proteins were transferred to a PVDF membrane following the manufacturer’s instructions 

by iBLOT (Invitrogen). Protein bands were detected by western blot analysis (One-hour western 

kit with TMB Substrate, GenScript) according to the manufacturer’s directions using 10 μg of 

Pierce 6x His epitope-tag IgG2b mouse antibody (ThermoFisher). The western blot was imaged 

using UVP ChemiDoc-It TS2, and bands were analyzed using the software GelAnalyzer 19.1.  

5.2.6 hAQP2 Expression Optimization 

The hAQP2-producing colony was grown in the large scale according to the previously 

published protocol used for production of isotopically labeled proteins in Pichia [266, 268, 458]. 

In brief, cells were grown to an OD600 of 8 in 250 mL of BMD. Cells were centrifuged at 1500 ×g 

for 10 min and resuspended in 1 L of BMM and incubated for 21 hours at 30°C at 250 rpm. Cells 

were lysed, and hAQP2 was solubilized and purified as described below. Yield was estimated at 

280 nm using the extinction coefficient of 35200 M-1cm-1 and purity monitored by SDS-PAGE. 

Initial yields were 0.5 mg per 1 L culture.  
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In order to boost yields, induction conditions were modified and monitored by western blot 

of isolated Pichia membranes after hAQP2 expression. Small-scale flask cultures were grown 

overnight in 25 mL of BMD at 30°C at 300 rpm. Protein expression was induced at an OD600 of 2 

(100 mL of BMM) and an OD600 of 8 (25 mL of BMM). Concentrations of 0.05 to 1 g/L of sorbitol 

in BMM in small-scale shake flask cultures, induced at OD600 = 8 were also tested. Sorbitol 

supplementation at 0.5 g/L was also tested for induction at OD600 = 2. Finally, induction 

temperature was reduced to 20.5 °C in combination with OD600 = 8 and 0.5 g/L sorbitol. Western 

blot analysis was done as previously described for colony screening. All cell pellets were lysed in 

2 mL of breaking buffer. Membranes were sedimented at 13,000 ×g and pellets were retained for 

analysis and the western blot developed as described above. This experiment was replicated on 3 

separate cultures, with a representative Western blot displayed. Large scale cultures of both 

sorbitol, equal volume induction (SEVIN) and low-temperature (LT)-SEVIN growths were 

performed and purified protein was analysed by both SDS-PAGE of solubilized protein and FTIR 

of hAQP2 reconstituted into liposomes. 

5.2.7 LT-SEVIN Large Scale Growth 

The best hAQP2 producing colony found by western blot analysis was used to inoculate 6 

mL of BMD. The cells were grown at 30°C, 300 rpm overnight. The overnight culture was divided 

into six 250 mL baffled flasks and each culture was diluted to 50 mL and grown for another 24 

hours. The cultures were subsequently diluted to 250 mL of BMD and grown overnight until the 

OD600 reached 7. Cultures were centrifuged at 1500 ×g for 10 min and resuspended in six flasks 

with 250 mL of BMM with 0.05% (w/v) D-Sorbitol. For isotopic labeling, ammonium sulfate, 

glucose, methanol, and sorbitol were added as 15N and 13C labeled compounds (Cambridge Isotope 
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Laboratories). The cultures were incubated at 30°C, 300 rpm for 1 hour. hAQP2 production was 

induced with the addition of methanol to a final concentration of 0.5% (v/v) and the cultures were 

incubated at 240 rpm for 24 hours at the lowered temperature of 20.5°C. Cells were collected by 

centrifugation at 1500 ×g and the pellet was stored at -80°C. 

 

Figure 5-1 – LT-SEVIN growth protocol. 

5.2.8 Cell Lysis 

The cell pellet was initially resuspended in 20 mL of lysis buffer with 10 mL of acid-

washed, ice-cold glass beads. The sample was vortexed with 1 min ‘on’/1 min ‘off’ pulses for a 

total of eight minutes ‘on’. The sample was centrifuged at 700 ×g for 5 min and the supernatant 

was collected. For all subsequent lysis cycles, 10 mL of lysis buffer was added to the cell pellet 

and the sample was vortexed with 1 min ‘on’/1 min ‘off’ pulses for a total of four minutes ‘on’. 
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The sample was again centrifuged at 700 ×g for 5 min and the supernatant collected. These two 

steps were repeated until the cells were entirely lysed and no pellet remained after centrifugation. 

The collected supernatants were centrifuged at 100,000 ×g for 45 min at 4°C, and the 

membrane pellet was retained. The membranes were resuspended in 12.5 mL of membrane buffer 

(20 mM Tris-HCl, pH 8, 20 mM NaCl, 10 % (w/v) Glycerol, 2x Roche EDTA-free Protease 

Inhibitor) for every 3.5 g of membranes. The membrane slurry was kept at -80 °C for storage prior 

to solubilization.  

5.2.9 Solubilization 

The membranes were thawed to room temperature and diluted to 25 mL per 3.5 g of 

membranes (approximately 0.75 L of cell culture) with an equal volume of detergent stock buffer 

(20 mM Tris-HCl, pH 8, 300 mM NaCl, 50 % (w/v) Glycerol, 5% (w/v) n-Dodecyl-β-D-Maltoside 

(DDM)) to a final DDM concentration of 2.5 % (w/v). The mixture was incubated for 2 hours at 

4°C with slow stirring. Insoluble debris were spun down at 100,000 ×g for 30 min at 4°C and the 

supernatant was collected.  

5.2.10 Purification 

NTA-Ni2+-Agarose resin (Qiagen), 3 mL of resin slurry per 25 mL of solubilization 

volume, was batch bound to the protein for one-hour at room-temperature with gentle stirring. The 

resin was then transferred to a 50 mL column and washed in 10 resin volumes of Buffer A (20 mM 

Tris-HCl, pH 8, 300 mM NaCl, 0.05% (w/v) DDM, 10 % (w/v) Glycerol) with 50 mM imidazole. 

The protein was eluted with 30 mL of Buffer A with 300 mM imidazole. The protein concentration 

in the eluate was monitored by absorption at 280 nm using an extinction coefficient of 35200 M-
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1cm-1 (after subtraction of the buffer absorption). Purity of the protein was evaluated using SDS-

PAGE. Mass spectrometry was used to confirm protein identity and locate post-translational 

modifications and was performed at the University of Western Ontario. Matrix-Assisted Laser 

Desorption/Ionization time-of-flight (MALDI-TOF) spectrometry (Bruker Daltonics Reflex IV) 

was used on the purified protein. Electrospray Ionization Mass spectrometry (ESI-MS) (Thermo 

Scientific Orbitrap Elite) was used on purified hAQP2 which was run on SDS-PAGE and digested 

with either trypsin or chymotrypsin. ESI-MS on hAQP2 isolated from SDS-PAGE prior to and 

after Peptide:N-glycosidase F (PNGase F) treatment was employed to determine whether the 

glycosylation present on the protein is N-linked or O-linked.  

5.2.11 Functional Assay of hAQP2 

In order to confirm functionality of the purified protein, stopped-flow hypertonic shrinking 

assays were used following the procedure used for hAQP1 with some modifications [266, 560, 

569]. While heart polar lipids (Avanti Polar Lipids) were used for SSNMR sample preparation 

(see below), they did not form liposomes when extruded. Instead, a commonly used eukaryotic 

membrane mimetic, a mixture of egg phosphatidylcholine (PC)/Brain phosphatidylserine (PS) was 

used, which previously worked well for hAQP1 in our group [266], while PC mixed with 

cholesterol was employed for hAQP2 previously [103]. PC/PS liposomes (9:1) (w/w) were 

prepared by reverse-phase evaporation [570] and extruded through polycarbonate Isopore filters 

(0.4 and 0.2 µm) consecutively. The resulting liposome stock was mixed with purified hAQP2 in 

0.05 % (w/v) DDM at a ratio of 10:1 lipid to protein (w/w) and mixed overnight at 4°C. In order 

to quickly remove detergent to prevent the formation of 2D-crystals, 0.8 g of Bio-beads SM2 (Bio-

Rad) were added for every 1 mL of the protein-lipid mixture and allowed to mix gently at 4°C for 
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48 hours. The proteoliposomes were extracted by syringe, centrifuged at 300,000 ×g for 1 hour at 

4°C, and resuspended in liposome buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl) at 0.2 mg 

lipid/mL. Protein-free liposomes were mixed with detergent, and then treated with Bio-beads to 

make a control sample. The average diameter of the liposomes (165 nm) and proteoliposomes (246 

nm) was estimated by Dynamic Light Scattering (Malvern Zetasizer). Water permeability 

experiments were performed using a stopped-flow spectrometer (SX20, Applied Photophysics). 

Water efflux from the vesicles was monitored by the increase in light-scattering at 480 nm upon 

hypertonic shock as a response to exposure to 180 mM sucrose at 20 °C. Mercuric inhibition of 

the hAQP2 proteoliposomes was used as an added control to test the functionality of the protein 

by incubating the proteoliposomes with 0.1 mM HgCl2 for 15 min prior to osmotic shock. 

5.2.12 Lipid Reconstitution for SSNMR 

The purified hAQP2 was buffer exchanged to Buffer A without protease inhibitor and 

imidazole through centrifugation in an Amicon Ultra concentrator (cut-off 10 kDa). The protein 

was concentrated to 2 mg/mL as determined by absorption at 280 nm using the extinction 

coefficient of 35200 M-1cm-1. A modified version of the 2D crystallization protocol used by 

Schenk et al. [92] was employed. Heart polar lipids (Avanti Polar Lipids) were added to the 

concentrated hAQP2 at a protein to lipid ratio of 2:1 (w/w). Additional DDM was added to the 

mixture at a concentration of 0.8 mg/mL. The sample was incubated at 4°C on an Orbitron rotator 

overnight. The protein and lipid mixture was put in a dialysis bag (12-14 kDa cut-off) and 

incubated at 4°C with gentle stirring in 1 L of the dialysis buffer (20 mM MES, pH 6, 100 mM 

NaCl, 4 mM MgSO4, 4 mM histidine). The sample was left to dialyze for 10 days. Dialysis buffer 

was exchanged three times for a total volume of 4 L with the final 1 L of buffer omitting MgSO4 
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and histidine. The reconstituted protein-lipid complexes were collected by centrifugation at 

100,000 ×g for 30 min at 4°C. The sample was resuspended in MilliQ water in a water sonication 

bath and washed 3 times to remove trace salt. 100 µg of the sample was dried onto a CaF2 window 

and Fourier transform infrared (FTIR) spectroscopy (Bruker Vertex80) was used to confirm yield 

and sample quality.  

5.2.13 Sample Preparation for SSNMR 

The proteoliposome pellet was washed 3 times with NMR buffer (20 mM Tris-HCl, pH 7, 

10 mM NaCl, 1 % (w/v) Glycerol) and spun down at 150,000 ×g for 10 min at 4°C. 1 mL of NMR 

buffer was added to the pellet and then centrifuged at 900,000 ×g for 3 hours. The buffer was 

removed, and another 1 mL of NMR buffer was layered on top of the pellet, and the sample was 

centrifuged again for 3 hours at 900,000 ×g, 4°C. The excess buffer was removed, and the pellet 

was stored at -80°C prior to packing. The sample was center packed in a thin-wall 3.2 mm SSNMR 

rotor. 

5.2.14 SSNMR Spectroscopy 

NMR experiments were performed on a Bruker Avance III spectrometer operating at a 

proton frequency of 800.230 MHz and equipped with Bruker 3.2 mm EFREE magic angle spinning 

(MAS) 1H–13C–15N probe. The MAS frequency was 14.3 kHz, and the sample temperature was 

maintained at 5°C in all experiments. Sample temperature was calibrated using neat methanol as 

an external reference [571]. 1D cross polarization 13C spectrum was recorded using 1H/13C cross-

polarization [531] optimized around the n=1 Hartman-Hahn condition [532] with 62.5 kHz radio-

frequency (rf) power on 13C and with the rf field ramped linearly around 76.8 kHz on the proton 
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channel. Protons were decoupled during 13C acquisition using 87 kHz SPINAL64 proton 

decoupling [533].  

2D 13C–13C correlation spectra were recorded with 13 ms dipolar-assisted rotational 

resonance (DARR) mixing [309, 534], with 2612 points in the direct and 2200 points in the indirect 

dimension, with t1 and t2 time increments of 8.4 μs and 6.5 μs. Twenty four scans per point were 

recorded with a recycle delay of 1.7 s. Carbon chemical shifts were indirectly referenced to 4,4-

dimethyl-4-silapentane-1-sulfonic acid (DSS) through the 13C adamantane downfield peak 

resonating at 40.48 ppm [276]. 

Additionally, 2D 13C-13C Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) 

[572] excitation combined with total through-bond correlation spectroscopy (TOBSY) [573] was 

used to record correlation spectra of mobile fragments of hAQP2. INEPT selectively excites 

mobile species and TOBSY establishes correlations between through-bond coupled carbon atoms. 

Similar acquisition parameters as in DARR experiment were used to collect 2D INEPT TOBSY 

correlation spectra.   

5.3 Results 

5.3.1 hAQP2 Expression Optimization 

In this optimized protocol, which allows economical isotope labeling of hard-to-express 

eukaryotic membrane proteins, we modified the induction step by introducing sorbitol co-feeding, 

high cell density, and low-temperature induction. Western blot analysis of isolated membranes of 

hAQP2 producing cells under various expression conditions was used to monitor the additive 

effect of these modifications on hAQP2 yield per culture volume (Figure 5-2a). The monomeric 
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protein band could be seen at ~25 kDa, with a secondary band at ~50 kDa, corresponding to dimers 

which did not dissociate in SDS on the gel. In previous protocols employed in our group for Pichia 

expression of membrane proteins in minimal media for solid-state NMR, we resuspended cells 

grown to an OD600 of 8 in 250 mL of BMD into 1 L of BMM (OD600 of 2) prior to induction [266-

268]. We found a 2-fold yield increase of hAQP2, independent of sorbitol concentration when 

cells are resuspended in an equal volume of BMM (OD600 of 8) relative to BMD prior to induction 

compared to the 4-fold dilution protocol previously used for hAQP1 (p-value 0.18 at 95% 

confidence). We also adopted the sorbitol addition approach used by Yao et al. for a soluble protein 

domain [568] to our membrane protein expression and observed that in the large-scale growth, the 

addition of 0.5 g/L sorbitol doubled the resulting biomass of hAQP2-producing cells measured 

after induction when the cells were collected. Western blot analysis performed after the addition 

of 0.5 g/L sorbitol in the classic growth protocol, wherein cells grown in BMD are resuspended in 

a 4-fold volume of BMM for induction showed a similar large yield increase (Figure 5-2b) (p-

value 0.06 at 95% confidence). Sorbitol concentration was optimized to reduce overall cost of the 

sample. To assess the effective sorbitol concentration range, we tested concentrations of 0.05 to 1 

g/L of sorbitol in BMM in small-scale shake flask cultures, using equal volume induction 

conditions. Expression was seen to increase up to 8-fold relative to the traditional method up to 

0.5 g/L sorbitol, with any increasing concentration of sorbitol showing no additional benefit 

(Figure 5-2) (p-value 0.009 at 95% confidence). The purified protein yield was around 5 mg of 

hAQP2 per 1.5 L of minimal media LT-SEVIN growth culture, as determined by UV-Vis 

absorption peak at 280 nm and the extinction coefficient of 35200 M-1cm-1. Yields were verified 

based on the amplitude of the Amide I peak of the reconstituted protein as measured by FTIR. The 
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yield of codon-optimized hAQP2 in P. pastoris as grown according to the previously published 

protocols for SSNMR samples produced in Pichia [266, 268, 458] in 1 L of minimal media without 

supplementation was 0.5 mg.  
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Figure 5-2 – Comparison of hAQP2 expression under different growth conditions. (a) 

Western blot monitoring of hAQP2 expression under different induction conditions. 

Marker used was Promega Pre-stained protein ladder. All samples were grown in 25 mL 
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of BMD media overnight at 30°C prior to induction. Lanes: A. Induction in 100 mL of 

BMM; B. Induction in 100 mL of BMM with 0.5 g/L sorbitol; C. Induction in 25 mL of 

BMM; D. Induction in 25 mL of BMM with 0.05 g/L sorbitol; E. Induction in 25 mL of 

BMM with 0.1 g/L sorbitol; F. Induction in 25 mL of BMM with 0.5 g/L sorbitol; G. 

Induction in 25 mL of BMM with 1 g/L sorbitol; H. Induction in 25 mL of BMM, at 

20.5°C with 0.5 g/L sorbitol. All cell pellets were broken in the same volume of breaking 

buffer. Membranes were centrifuged at 13,000 ×g and the supernatant was removed. 

Membranes were incubated with 200 µL of 10 % (w/v) SDS for 10 min at 65°C, 

centrifuged again and 20 µL of the supernatant was loaded. The gel was transferred to 

a PVDF membrane by iBLOT (Invitrogen) and protein was detected by TMB substrate 

using the One-hour western kit (GenScript) using mouse monoclonal 6xHis epitope-

tag antibody (ThermoFisher). Monomers and dimers are identified by arrows. (b) SDS-

PAGE gel stained with Coomassie G-250 dye as a loading control. (c) Relative band 

intensity from the western blot normalized to LT-SEVIN (Lane H) as estimated using 

GelAnalyzer for both the bands at 27 kDa and 55 kDa. Band intensity was multiplied by 

4 for lanes C through H to normalize for an induction volume of 100 mL of BMM to 

mimic the large-scale protocol. This experiment was replicated on 3 separate cultures, 

with a representative Western blot shown. Error bars included to indicate one standard 

deviation and were adjusted for normalization. 

 

However, when grown in isotopically labelled media under sorbitol (0.5 g/L (w/v)) and 

equal-volume induction (SEVIN) conditions and purified according to the method published by 

Frick et al. [72] (see Materials and Methods above), both SSNMR and FTIR indicated significant 

structural heterogeneity in the sample reconstituted into heart polar lipids (Figure 5-3). 

Furthermore, the SDS-PAGE analysis of the purified protein resulted in two bands which were 

previously observed in hAQP2 samples and have possibly been linked to differences in post-

translational modifications or folding heterogeneity of the solubilized protein [574] (Figure 5-4). 

The reduction in induction temperature to 20.5°C significantly reduced the heterogeneity in the 
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sample, resulting in largely alpha-helical (as judged from the Amide I peak at 1655 cm-1 observed 

by FTIR), structurally homogeneous sample (Figure 5-3). The reduction in the width of the Amide 

I band in the low temperature (LT)-SEVIN sample as opposed to the SEVIN sample can be 

observed, along with reduction of the secondary Amide I peak at ~1630 cm-1, which is associated 

with beta-structure within the protein (Figure 5-3). SDS-PAGE of the LT-SEVIN produced 

purified protein showed a marked reduction in the lower molecular weight protein while being of 

equivalent purity (Figure 5-4). Additionally, a further yield increase of 50% (Lane F as compared 

to Lane H) can be estimated from western blotting band intensity seen in the LT-SEVIN sample 

as compared to the SEVIN produced sample (Figure 5-2) (p-value 0.04 at 95% confidence). 

  

Figure 5-3 – FTIR spectra of hAQP2 reconstituted into heart polar lipids at the target 

protein/lipid ratio of 2:1 (w/w). hAQP2 expression in P. pastoris was induced at 30°C 

(blue trace) and at 20.5°C (black trace). Characteristic bands are labeled. 
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Figure 5-4 – SDS-PAGE of purified hAQP2 as produced from 1.5 L cultures in (A) LT-

SEVIN, and (B) SEVIN growth protocols. Marker used was Promega Pre-stained 

protein ladder. Purified protein was concentrated to 2 mg/mL and 5 µL (A) or 10 µL (B) 

was incubated for 10 min at 65°C with 5X SDS-PAGE loading dye (10% (w/v) SDS, 500 

mM DTT, 50% (w/v) Glycerol, 250 mM Tris-HCL, pH 6.8, and 0.5% (w/v) bromophenol 

blue dye). Samples were run at 110 V for 90 min and bands were visualized with 

Coomassie Blue G-250 (Bio-Rad). 

 

Other modifications to the previous AQP purification and reconstitution protocols included 

using 2.5 % (w/v) DDM as opposed to 5 % (w/v) OG for solubilization, increasing glycerol 

concentration used throughout purification, and reconstitution in heart polar lipids instead of 

PC/PS used for the hAQP1 SSNMR sample [92, 266]. DDM and glycerol contributed to the 

stability of the purified protein which resulted in improvements in the shape of the Amide I band 

in the FTIR spectra of reconstituted hAQP2 (Figure 5-5d). DDM is a frequently used detergent 
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for the isolation of membrane proteins and the concentration was amended to reflect that used for 

G-protein coupled receptors [403]. Glycerol is a known protein-stabilizing compound which can 

help prevent aggregation and structural heterogeneity [575, 576]. Most importantly, the decrease 

of induction temperature resulted in a dramatic increase of spectral resolution in SSNMR, yielding 

well-resolved spectra suitable for site-specific analysis (see below), in contrast to the poorly 

resolved spectrum of the sample produced at 30°C. Dialysis length was tested with durations 

ranging from 3 days to 10 days at 4°C. All samples were prepared from the same protein 

preparation and solubilized with DDM. It was found that the shape and width of the amide I band 

improved the longer the protein and lipid mixture was dialyzed. Potentially, this is due to the 

formation of 2D crystals which have been shown to form in hAQP1 samples when prepared for 

MAS-SSNMR connoting structural homogeneity in the protein sample [485]. Dialysis was also 

tested at 4°C, room temperature, and 30°C for 3 days. At 4°C, the appearance of the amide I band 

was consistent with higher helicity as compared to the other tested temperatures. Other lipid 

mixtures were tested, including PC/PS (w/w) (9:1), E. coli polar lipids (Avanti), and heart polar 

lipids (Avanti) with 10 % (w/w) cholesteryl hemisuccinate (CHS). All samples were dialyzed for 

10 days at 4°C. The lipid mixture which resulted in the most helical structure of hAQP2 was heart 

polar lipids.  
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Figure 5-5 – FTIR Amide I band analysis for reconstitution of hAQP2 under different 

conditions. (a) Protein/lipid mixture was dialysed for 3, 5, 7, and 10 days at 4°C. (b) 

Protein/lipid mixture was dialysed at different temperatures, 4°C, room temperature, and 

30°C for 3 days. (c) Protein was mixed at a protein-to-lipid ratio of 2:1 (w/w) with heart 

polar lipids, E. coli lipids, PC/PS, or heart polar lipids supplemented with 10% (w/w) 

CHS. (d) Protein was solubilized in 5 % (w/v) OG with 10 % (w/v) glycerol or 2.5 % (w/v) 

DDM with 30 % (w/v) glycerol. 
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5.3.2 Functional Assays 

Stopped flow assays were used to confirm that Pichia-expressed hAQP2 is functionally 

active. PC/PS (9:1 (w/w)) lipids were prepared by reverse phase evaporation and extruded to form 

liposomes. Proteoliposomes were prepared at a high lipid to protein ratio (lipid/protein ratio of 

10:1 (w/w)) as the presence of high protein concentrations, such as protein to lipid 2:1 (w/w) as 

used for the SSNMR sample, results in leaky proteoliposomes [577]. Light-scattering changes 

upon osmotic shock were monitored in both the control liposomes and the proteoliposomes 

containing hAQP2 (Figure 5-6). The observed trends are very similar to those previously seen for 

hAQP1 [266]. Notably, proteoliposomes exhibit a much faster rate of shrinkage as compared to 

the control liposomes, suggesting robust water transport through the protein (the difference in rates 

is even more marked when the shrinking rate is adjusted for the difference in the liposome and 

proteoliposome radii [569, 578], which contributes a multiplication factor of ~1.5). For an 

additional control, the hAQP2 proteoliposomes were incubated in 0.1 mM HgCl2 for 15 min, and 

the experiment was repeated. This showed the expected marked reduction in the rate of water 

efflux, which is congruent with mercury being a known aquaporin inhibitor modifying a Cys181 

within the aromatic/arginine constriction motif [579]. The kinetics of the shrinking of the sample 

were fit using built in functions in Origin 2020b. The fit was evaluated by ANOVA analysis. 

Similar to hAQP1, the shrinking kinetics of the control liposomes and the hAQP2 proteoliposomes 

inhibited by mercury can be approximated by single exponential decay functions, with 

characteristic time constants of 0.280±0.005 s and 0.218±0.002 s, respectively. The kinetics of 

shrinking of the proteoliposomes is markedly biphasic (R2 value of 0.99 compared to 0.95 for a 

single exponential), displaying a major fast phase with 0.021±0.001 s time constant (more than a 



 

 

157 

 

ten-fold acceleration of water transport caused by hAQP2), and a minor phase with 0.244±0.006 s 

time constant, which probably corresponds to the protein-free fraction of liposomes. 

 

 

Figure 5-6 – Kinetics of light scattering changes in PC/PS liposomes under hypertonic 

shock produced in the stopped-flow apparatus. Proteoliposomes reconstituted with 

hAQP2 at a protein:lipid ratio of 10:1 (w/w) (blue), the same proteoliposomes incubated 

with 0.1 mM HgCl2 (red), and PC/PS liposomes with no protein (black). Each trace is an 

average of 15 measurements and the exponential decay fits (double exponential for 

proteoliposomes, and single exponentials for mercury-inhibited proteoliposomes and 

control liposomes) are displayed over the raw data (see text for details). 

5.3.3 Analysis of Post-translational Modifications by Mass Spectrometry 

Protein expression in Pichia pastoris is known to produce varying patterns of proteolytic 

cleavage [580, 581], glycosylation [412, 413, 582-584], and other PTMs [398, 585], which could 

affect the functional state of hAQP2 [103-105]. Mass spectrometry was used to confirm protein 
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identity and length, and to identify post-translational modifications (PTMs) present in the protein. 

First, MALDI-TOF was used on the solubilized purified hAQP2, which was buffer exchanged to 

Buffer A without DDM and imidazole. This analysis gave a molecular weight of 31,250 ± 30 Da 

which corresponds to the expected weight of the expressed protein of 31,192 Da with the possible 

presence of some post-translational modifications, e.g., a phosphate which has a molecular weight 

of 80 Da, or an O-linked mannose (162 Da). Unfortunately, MALDI-TOF has insufficient 

resolution to be conclusive about the exact nature of the PTMs, and we employed ESI-MS 

performed on the whole protein band excised from an SDS-PAGE gel. ESI-MS (in the positive 

ion mode) of the whole protein resulted in the four main peaks of 31,192 Da (major), 31,271 Da 

(major), 31,351 Da (minor), and 31,517 Da (minor), which correspond to the expected full-length 

unmodified hAQP2 protein with all tags, the protein with 1 phosphate, the protein with 2 

phosphates, and the protein with 2 sugar moieties of molecular weight of 162.05 Da each, 

respectively (Figure 5-7). The mass of the sugar residues is what is expected for O-linked 

mannose, as the oxygen is donated from the Ser/Thr residue to which it is attached. The protein 

was also treated with PNGase F which cleaves N-linked sugars, resulting in little change to the 

ESI-MS spectra, strongly suggesting that the glycosylation is mainly O-linked. These results are 

also consistent with the absence of noticeable GlcNAc additions (+203 Da), which would be 

expected for N-linked glycosylation [414].  



 

 

159 

 

 

Figure 5-7 – ESI-MS of hAQP2 produced in P. pastoris after (a) and before (b) treatment 

with PNGase F. Protein was extracted from monomeric band on SDS-PAGE for 

analysis.   

 

These conclusions have been confirmed using ESI-MS of trypsin and chymotrypsin 

digested hAQP2 isolated from the SDS-PAGE gel. PEAKS studio software (Bioinformatics 

Solutions Inc.) was used to analyze the masses of resultant peptides and determine possible 

locations of post-translational modifications based on the sequence of the hAQP2 protein (Figure 

A1-1). Analysis of the resultant peptides showed 91% coverage of the hAQP2 sequence. 

Phosphorylation was found in 60% of the analyzed peptides, which agrees with the peak 

corresponding to singly phosphorylated full-length protein in ESI-MS having the highest 

amplitude, assuming similar ionization efficiency. Phosphates were found at 4 possible locations 
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on the C-terminus of the protein (T244, S256, S261, and S264, which are known phosphorylation 

sites in humans [103-105, 586]). O-linked mannoses were found to share S256, S261, and S264 

with phosphates, with di-hexoses being predicted at S256 and S264. Based on the peptide 

molecular weights and the protein sequence, phosphorylation was predicted to be seen more often 

at S256 and S261 relative to T244 and S264 (Figure 5-8). Further PTM analysis, which confirmed 

the Mass Spectrometry results, was conducted by SSNMR (see below).     

 

 

Figure 5-8 – Percentage of peptides which contain post-translational modifications at 

T244, S256, S261, and S264 as predicted by ESI-MS of digested hAQP2. Unmodified 

sites are represented in blue, phosphorylated sites are grey, and glycosylation sites are 

represented in red. 70 peptides covering the C-terminus were analyzed by ESI-MS. Error 

bars included to show one standard deviation. 
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5.3.4 SSNMR Spectroscopic Characterization 

One-dimensional 15N and 13C spectra were collected to evaluate the quality of the hAQP2 

SSNMR sample. The 1D-15N spectrum shows a good dispersion of backbone signals as well as 

resolved peaks for Lys, Arg, and His side-chain nitrogen atoms (Figure 5-9a). The 1D-13C 

spectrum has similar resolution to the 1D-15N. However, there are peaks corresponding to 

glycosylation in the 70-80 ppm range which agrees with the mass spectrometry results (Figure 

5-9b).  
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(a) 

 

(b) 

Figure 5-9 – One-dimensional 15N (a), and 13C (b) CP-MAS SSNMR spectra of 13C,15N-

labeled hAQP2 reconstituted in heart polar lipids, recorded at 800 MHz, at 5°C, and at 

a spinning rate of 14.3 kHz. The 15N spectrum was collected with 512 scans. The 13C 

spectrum was collected with 128 scans. 

 

Next, a two-dimensional 13C-13C correlation DARR spectrum was collected on the UCN-

hAQP2 sample, which showed excellent spectral resolution with typical linewidths of 0.5 ppm 

indicative of a structurally homogeneous sample (Figure 5-10). Characteristic amino acid 

intraresidue correlations can be used to identify cross-peaks belonging to several amino acid types 

such as Ala, Ser, and Thr. Additionally, a series of cross-peaks belonging to Ile located at 7.4, 

17.9, 26.9, 34.9, and 61.2 ppm, is similar to the Ile60 spin system seen in hAQP1 [587]. Spectral 

coverage for these identified systems can be evaluated by estimating the integrated intensity of a 

region associated with a specific amino acid cross-peak and dividing by the intensity of well-
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resolved cross-peaks. The CG-CA region for Thr shows an estimated total 10 correlations out of 

6 TM domain residues and 8 extramembrane residues as predicted by the X-ray crystallographic 

structure [72] (Figure 5-11b). In 2D-DARR experiments, based on prior experiments in microbial 

rhodopsins, it is unlikely to see cross-peaks for residues located in mobile regions of the protein 

due to unfavorable dynamics [223, 528]. Therefore, some residues in the loop and tail regions of 

the protein must be sufficiently immobilized, e.g., by the secondary structure, as to be visible 

during DARR. For example, loop C, which contains 3 Thr, is highly structured according to the 

X-ray crystallographic structure (Figure 5-12), as was also found for hAQP1 [587, 588]. 

Additionally, some loops such as portions of loops B and E, re-enter the membrane to connect to 

the short half-helices forming the functionally important NPA motifs located inside the 

transmembrane region, and are not likely to be mobile (Figure 5-12). This is confirmed in the 

region associated with Thr CA-CB correlations, which shows 6 well-resolved cross-peaks wherein 

2 of the cross-peaks correspond to chemical shifts associated to non-helical Thr (Figure 5-11a). 

As hAQP2 is a largely alpha-helical membrane protein, these non-helical Thr are likely to belong 

to loop regions which are sufficiently immobile. For Ala, we estimated 16 helical CA-CB cross-

peaks are present out of the total 35 in the protein (Figure 5-11c). Based on the available X-ray 

structure (PDB ID: 4NEF), there are only 18 Ala residues in the TM regions of hAQP2, which 

confirms excellent spectral coverage for Ala. There are 2 cross-peaks which correspond to non-

helical Ala residues which could belong to the same structured loop regions as the observed non-

helical Thr and non-helical Ser (Figure 5-11a & Figure 5-11c).    
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Figure 5-10 – Two-dimensional 13C-13C DARR chemical shift correlation spectrum of 

13C,15N-labeled hAQP2 proteolipid complexes at 800 MHz, at a spinning frequency of 

14.3 kHz and at 5°C. Mixing time used was 30 ms. Data were processed with 40 Hz of 

Lorentzian line narrowing and 80 Hz of Gaussian line broadening in both dimensions. 

First contour level is cut at 5 x σ with each level multiplied by 1.15. 
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Figure 5-11 – Selected characteristic regions of two-dimensional 13C-13C DARR 

chemical shift correlation spectrum of 13C,15N-labeled hAQP2 proteolipid complexes. 

Regions selected to show spectral coverage of (a) Ser and Thr CA/CB correlations, (b) 

Thr CA/CG and Thr CB/CG correlations, and (c) Ala CA/CB correlations. 
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Figure 5-12 – X-ray crystallographic structure of hAQP2 with major structural features 

identified. Helices are denoted 1-6 and loop C is indicated. Figure combines structure of 

the truncated wild-type protein PDB ID 4NEF [72], and the structure of the C-terminal 

tail of the S256A protein PDB ID 4OJ2 (unpublished) (Black). Figure was generated in 

PyMOL [85-87]. 
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In order to identify the mobile regions of the protein, a 2D INEPT TOBSY spectrum was 

collected on the UCN hAQP2 sample. From this spectrum we can identify two strong cross-peaks 

which correlate to Thr CA/CG, as well as their CA/CB peaks (Figure 5-13a). 10 out of the 14 Thr 

in the protein were observed in the DARR experiment, as such we see 2 of the expected 4 Thr 

residues. In addition to amino acid correlations, one can also identify several resonances which 

correlate with the presence of sugar moieties. Five resonances at 63.8, 69.5, 72.9, 75.9, and 81.3 

ppm can be associated to a spin system (Figure 5-13b). Based on these chemical shift values, one 

can tentatively assign this sugar residue to α-D-Mannose using the program CASPER [589, 590], 

with C2 at 81.3 ppm, C3 at 72.9 ppm, C4 at 69.5 ppm, C5 at 75.9 ppm, and C6 at 63.8 ppm. 

However, this spectrum does not contain a cross-peak which corresponds to the anomeric carbon, 

typically located between 90 and 110 ppm (Figure 5-13c). These shifts also match with previously 

assigned α-D-Mannopyranoside disaccharides, which were found to be O-linked to yeast-

expressed insulin-like growth factor I [591]. Our SSNMR results are in full agreement with the 

mass spectrometry data presented above, all pointing to the O-linked mannosylation of hAQP2. 
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(a) (b) 

 

(c) 

Figure 5-13 – Two-dimensional 13C-13C INEPT TOBSY chemical shift correlation 

spectrum of 13C,15N-labeled hAQP2 proteolipid complexes at 800 MHz, at a spinning 

frequency of 14.3 kHz and at 5°C, showing the mobile parts of the protein and sugar 

moieties. (a) Spectrum between 10 and 85 ppm with the two regions of interest outlined 

in boxes. Signals corresponding to threonine CA/CG and CB/CG correlations as well the 
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cross-peaks associated with glycosylation of hAQP2 are indicated. (b) Zoomed-in region 

between 62 and 82 ppm associated with the sugar cross-peaks with the spin system 

indicated with red dashed lines and labeled according to CASPER-determined α-D-

Mannose assignments. (c) Region between 80 and 115 ppm. Data was processed with 40 

Hz of Lorentzian line narrowing and 80 Hz of Gaussian line broadening in both 

dimensions. First contour level was cut at 5 x σ with each level multiplied by 1.1. 

5.4 Discussion 

5.4.1 Post-Translational Modification of hAQP2 

Both the SSNMR and mass spectrometry data suggest the presence of glycosylation in the 

hAQP2 sample. Despite the fact that glycosylation has not previously been observed in the P. 

pastoris-expressed proteins LR [268] and hAQP1 [266] as produced for SSNMR by our group, 

glycosylation of hAQP2 is not entirely unexpected. P. pastoris expressed recombinant proteins 

were glycosylated in many instances, usually by N-linked glycosylation [413, 416, 592]. In this 

glycosylation scheme, up to 40 mannose sugar moieties can be attached to a Pichia-expressed 

protein through a proximal N-acetylglucosamine (GlcNAC) [416, 592, 593]. Native glycosylation 

of aquaporins is also frequently observed, typically found on loop C, N-linked to an Asn residue 

[107-109]. This N-linked glycosylation has been commonly associated with proper trafficking of 

human aquaporins in vivo, as it acts as a signal which indicates that hAQP2 can exit the Golgi 

body and thus be trafficked [108]. As such, it was important to determine the nature and extent of 

this post-translational modification in our sample.  

The chemical shifts we observed in the 2D INEPT TOBSY spectrum identify α-D-

Mannose as the likely glycosylating candidate; it is a sugar typically found in Pichia-expressed 

recombinant proteins. However, no chemical shifts were found that correspond to GlcNAc, 



 

 

170 

 

precluding the presence of N-linked glycosylation. By combining the chemical shift data with the 

mass spectrometry results, it was determined that the LT-SEVIN-produced hAQP2 contains O-

linked glycosylation. Given the molecular weight of the sugar adducts, di-mannose O-linked 

glycosylation is possible, and has been observed previously on recombinant proteins expressed in 

yeast [412, 591]. Furthermore, the chemical shifts of the sugar residue identified in 2D INEPT 

TOBSY correspond very well to the primary mannopyranoside residue connected to a Thr (or Ser) 

of α-D-Mannopyranoside disaccharides, which were found O-linked to yeast-expressed insulin-

like growth factor I [591]. Trypsin and Chymotrypsin digestion and subsequent mass spectrometry 

analyses of the fragments suggest Ser residues on the C-tail of the protein as the likely sites of 

glycosylation. This agrees with presence of the sugar cross-peaks in the INEPT TOBSY spectrum, 

which targets mobile regions of the protein, unlike DARR which does not show glycosylation in 

the immobile regions. However, these sites seem to be shared with phosphorylation sites also 

present on the tail, located at T244, S256, S261, and S264. ESI-MS of the protein showed a 

distribution of masses with the highest abundance belonging to singly phosphorylated hAQP2 

which was primarily predicted to be located at S256 and S261. These sites are important for 

signaling and trafficking of hAQP2. S256 is the primary phosphorylation site associated with 

proper trafficking of hAQP2 to the apical membrane in vivo and is one of the sites associated with 

ARNDI mutations [103-105]. This site has also been hypothesized to affect water permeability of 

the protein [103]. Despite the non-uniform nature of the phosphorylation at these sites, the majority 

of the protein sample retained water-transport activity when tested with a stopped-flow assay and 

SSNMR spectral quality was not affected. This implies that water transport activity and thus the 

pore structure is unaffected by post-translational modifications on the C-terminal tail. In the future, 



 

 

171 

 

mutants mimicking the unphosphorylated state and the phosphorylated state at these sites could be 

produced using LT-SEVIN protocol to evaluate their possible effect on the structure and function 

of hAQP2. One of these sites, Ser256, will be investigated in Chapter 6). In the unpublished X-

ray crystal structure of full-length hAQP2 (PDB ID 4OJ2), S256 was mutated to an Ala residue 

which resulted in a long helix extending into the cytoplasm. SSNMR of a similar sample could 

prove useful to determine whether this conformation is present in a more native lipid environment. 

5.4.2 Expression of hAQP2 

The LT-SEVIN protocol described above produced a sufficient quantity of homogenously 

structured uniformly isotopically labeled hAQP2 for multi-dimensional SSNMR experiments. 

HAQP2 typically expresses poorly even in enriched media and fermenter cultures [72, 367]. The 

combination of sorbitol co-feeding, low temperature, and high cell density at induction contribute 

greatly to the improved expression of stable protein under stressful growth conditions, in this case, 

isotopic labeling on minimal media. By growing the P. pastoris culture to a high density prior to 

induction in sorbitol-supplemented media, cell death is significantly reduced once methanol is 

added to stimulate hAQP2 expression. This reduction in cell death can be attributed to the 

reduction in cellular stress during expression which thereby reduces the amount of degradation to 

the expressed protein. The three protocol modifications are additive for boosting expression. By 

inducing at high cell density, the liquid volume is significantly reduced which allows for a higher 

oxygen to surface area ratio in the shaker flask cultures. This increased ratio then reduces the 

toxicity of the methanol which is added to stimulate hAQP2 production. The sorbitol addition 

further increases expression by providing a secondary carbon source which reduces cell death and 

the presence of cell-degradation products. Sorbitol resulted in a cell biomass two times larger as 



 

 

172 

 

compared to the traditional 1 L growth protocol used in the past for LR [268] and hAQP1 [266]. 

The combination of equal volume induction and sorbitol supplementation resulted in an over 8-

fold increase in hAQP2 expression for a 1 L culture. However, the resulting protein was 

structurally heterogeneous and likely mis-folded. This problem was addressed by lowering the 

induction temperature to 20.5°C, which gave a further yield increase of 50% relative to the SEVIN 

protocol alone. The resulting protein was structurally homogeneous, as monitored by both FTIR 

and SSNMR of the reconstituted proteoliposomes. Lower induction temperatures have been shown 

to be useful in the case of complex proteins which misfold when produced in non-native expression 

hosts at high temperatures [594-596]. Some protocols use temperatures as low as 20°C. The 

improved yields at 20.5°C can possibly be attributed to lowering the speed at which the molecular 

machinery produces the protein, which is especially important in the case of membrane proteins 

as membrane insertion is directly linked to protein translation. This condition thereby lowers the 

likelihood of translational errors or misfolding occurring. 

SSNMR of hAQP2 showed excellent spectral resolution in the collected 2D DARR 

correlation spectrum. Additionally, the spectrum shows good coverage of residues such as Thr, 

Ala, and Ser. These properties make this sample, as prepared by the LT-SEVIN expression 

protocol, a good candidate for further SSNMR analysis, including residue assignments which are 

currently ongoing in the Brown/Ladizhanksy group. The INEPT TOBSY experiment showed the 

presence of glycosylation which was detected through mass-spectrometry analysis to be located 

on the C-tail region of the protein. This modification is significant, as the C-tail of hAQP2 is 

biomedically important, being involved in many protein-protein interactions and is the location of 

other post-translational modifications such as phosphorylation [103-105, 109]. Previous X-ray 
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structures of hAQP2 either excluded the tail or indicated it was a long helix protruding into the 

cytoplasm (PDB ID 4NEF [72], and PDB ID 4OJ2 (unpublished)). Using INEPT TOBSY, we 

were able to observe post-translational modifications and residues located in this region under 

native-like conditions. Future experiments, such as production of isotopically labelled ARNDI-

associated mutants for SSNMR, for example S256A or S256D (see Chapter 6), are contingent 

upon having the full-length protein. ESI-MS confirms the full-length protein is present and none 

of the C-tail residues has been truncated, which would exclude LT-SEVIN produced hAQP2 from 

future analysis of protein-protein interactions.    

5.5 Conclusions 

In this chapter, I have presented a modified growth protocol for the expression and 

economical isotope labeling of recombinant membrane proteins in the yeast P. pastoris. This 

protocol combines high cell density, sorbitol supplementation, and low temperature conditions at 

induction resulting in a 10-fold increase in protein yield in shaker flask cultures. This increased 

yield provides an economically feasible methodology to produce isotopically labeled eukaryotic 

membrane protein samples for NMR. Furthermore, the produced protein (hAQP2) proved to be 

full-length, as shown by mass spectrometry, functional and stable as shown by stopped-flow 

assays, and structurally homogeneous when reconstituted into liposomes, as shown through 

SSNMR and FTIR. This protocol did result in post-translational modifications to hAQP2, notably 

phosphorylation and glycosylation. These post-translational modifications were all located in the 

C-terminal tail region of the protein, and shared four main sites: T244, S256, S261, and S264. 

These sites are biomedically important for hAQP2 function and have been shown to be modified 
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in vivo [137]. The ability to monitor these sites is critical for future analysis of hAQP2 as the tail 

structure has not yet been satisfactorily solved. However, none of the modifications seem to affect 

the overall structural homogeneity of the protein sample, as spectral coverage and resolution 

proved to be excellent in two-dimensional SSNMR, both in DARR and INEPT-TOBSY. Overall, 

Pichia-expressed hAQP2 is an excellent candidate for future SSNMR studies, and LT-SEVIN is 

promising as a new protocol which can help express challenging proteins for SSNMR. 
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Chapter 6  

Investigation of the Effect of 

Phosphorylation of Serine 256 on the C-

Terminal Tail of hAQP2 

 

 

 

 

 

 

Statement of work performed: 

RAM prepared all hAQP2 samples and performed FTIR spectroscopy and functional assays. NMR 

experiments were performed by Raoul Vaz and VL. NMR spectra were processed by RAM. Mass 

spectrometry experiments were performed by Paula Pittock of the Biological Mass spectrometry 

facility and Kristina Jurcic of the Biochemistry MALDI mass spectrometry facility at the 

University of Western Ontario and interpreted by RAM.  
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6.1 Introduction 

The phosphorylation of key residues in proteins is an important process in the regulation 

of the protein’s activity, targeting, structure and dynamics. This is exemplified by the trafficking 

pathway of hAQP2, for which subcellular localization is contingent upon the location and quantity 

of post-translational modifications, specifically phosphorylation on the C-terminal tail. However, 

at this time the complete structure of the C-terminal tail has not been determined. X-ray 

crystallographic structures of hAQP2 truncated at residue 240 (which excludes any 

phosphorylation sites) show that the C-terminus assumes different structural conformations even 

within the same tetramer (Figure 6-1). These multiple conformations highlight the fact that the 

structure of the C-terminal tail is flexible, and this structural variability could regulate the binding 

affinity of the C-tail to other partners such as LIP5. The hAQP2 tetramer is associated through 

polar contacts primarily located in the cytoplasmic and extracellular interface regions (Figure 6-2). 

The tetramer itself shows a very strong association which can survive detergent solubilization [63, 

64]. There is a leucine-rich region located between residues 230-243 on the C-terminal tail which 

has been postulated to contain a LIP5 binding site. Non-bonded contacts occur between Gly 239 

and Ala 235 on protomer D with Arg 5 and Leu 4 of the N-terminus of protomer A in the X-ray 

crystallographic structure [72]. As such, the C-terminus is critical for structure and function of 

hAQP2. 
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Figure 6-1 – hAQP2 tetramer (PDB ID: 4NEF) as viewed from (a) the extracellular 

surface and (b) the side. Protomers are labelled A through D, and C-terminal domains 

are circled in the dashed lines. Models were generated in Chimera [73].  
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Figure 6-2 – Model representing the intermonomer interactions of hAQP2 based on the 

X-ray crystallography model of hAQP2 truncated at residue 240 (PDB ID: 4NEF). 

Residues which hydrogen bond at the interface of protomer D (cyan) and protomer A 

(purple) are shown. Model was generated using PyMOL [85-87].  
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The use of site-directed mutagenesis to analyse the effect of post-translational 

modifications is a crucial step in the characterization of proteins. Replacing residues subject to 

modification with analogous residues of similar properties is very useful, for example, substituting 

Ala or Asp to mimic un-phosphorylated and phosphorylated residues such as Ser or Thr (Figure 

6-3). Phosphorylation of Ser256 is critically important for hAQP2 trafficking, and Ser256 has been 

shown to be modified non-uniformly with phosphorylation and/or O-linked mannosylation in the 

WT-hAQP2 sample as expressed for SSNMR (see section 5.3.3, Figure 6-3). Stoichiometrically, 

3 out of 4 monomers of an hAQP2 tetramer must be phosphorylated at this site for hAQP2 to be 

trafficked to the apical plasma membrane as determined in X. laevis oocytes [101]. S256D-hAQP2, 

mimicking the phosphorylated state of the protein, and S256A-hAQP2, mimicking the non-

phosphorylated state, were expressed in X. laevis oocytes. S256D-hAQP2 was constitutively 

trafficked to the plasma membrane while S256A was localized beneath the plasma membrane. 

Oocytes were co-injected with RNAs encoding S256D and S256A at predetermined ratios and the 

localization to the cellular membrane was monitored using cell fractionation and immunoblots 

[101].  
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Figure 6-3 – Chemical structures of amino acids Ser, Ala, and Asp, and the post-

translational modifications of Ser found in WT-hAQP2 as analysed by ESI-MS 

(Phosphorylated (P)-Ser and Ser with O-linked dimannosylation (α-D-Man(1→2)α-D -

Man(1→3)Ser). 

 

Global structural effects of phosphorylation at this site are suggested by measurements of 

the lateral diffusion of hAQP2 in the plasma membrane, which can be affected by the 

phosphorylation state of the C-terminal tail [597]. Enhanced (E)GFP-hAQP2 fusion proteins were 

expressed in Canine Kidney cells. Total Internal Reflection Fluorescence (TIRF) was used to 
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monitor subcellular localization of WT-hAQP2, S256D-hAQP2 and S256A-hAQP2 in 

subconfluent cells immobilized on glass. EGFP-S256D-hAQP2 was found to preferentially 

localize to the plasma membrane, while EGFP-S256A-hAQP2 was distributed between the PM 

and vesicles in the periplasm. Intracellular EGFP-hAQP2 could be visualized as long as the 

vesicles were located just above the basal membrane. Furthermore, when hAQP2 tetramers 

contained an average of two to four S256 phospho-mimics, the tetramers diffused at a higher speed 

than when the tetramers contained only one or no phospho-mimics [597].   

CD spectroscopy of proteins with phospho-mimicking Asp or Glu at S256, S261, S264, 

and T269 has been used to determine the effect of negative charge on the secondary structure of 

the C-terminal tail. While the phospho-mimicking mutants had similar overall architecture of the 

tail as compared to the WT-hAQP2, there were differences in melting temperature which could 

reflect slight conformational changes in the C-terminus [598]. In fact, the protein with the highest 

melting temperature was WT-hAQP2 which was treated with alkaline phosphatase to remove all 

phosphorylation, indicative of higher stability than the phospho-mimics. In contrast, S256E-

hAQP2, a phospho-mimic, showed the lowest melting temperature. The effect of these slight 

conformational changes, as indicated by CD spectroscopy, could affect protein-protein interactions 

in this region. LIP5 binding of the C-terminal tail has been postulated to participate in trafficking 

hAQP2 to multi-vesicular bodies for lysosomal degradation or urinary excretion. Peptide binding 

assays between LIP5 and the C-terminal tail of WT-hAQP2 and the phospho-mimics at S256, 

S261, and S264 positions showed that LIP5 had the strongest binding affinity for the de-

phosphorylated wild type. These results suggest an allosteric mechanism by which binding is 

controlled. Supporting this hypothesis, previous work by Zwang et al. experimentally determined 
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that S256D is less alpha-helical than the non-phosphorylated protein [100]. Therefore, S256 is a 

critical site which affects secondary structure and structural flexibility of the C-terminal tail with 

considerable implications on structure and function of hAQP2. 

Pull-down assays in conjunction with mass spectrometry and immunoblotting were used 

to identify binding partners to the C-terminal tail of hAQP2. Cytosol from inner medullary 

collecting ducts isolated from rat kidney cells was incubated with S256D-hAQP2, S261D-hAQP2, 

and WT-hAQP2 peptides. Some binding partners (heat shock cognate (hsc)70, heat shock protein 

(hsp)70-1 and -2, and annexin II) preferentially bound the non-phosphorylated hAQP2, whereas 

heat shock protein 70 kDa isoform 5 (hsp70-5 or BiP) bound the phospho-mimics. This implicates 

S256 as a mediator for the binding of different heat shock protein 70 kDa isoforms, with further 

implications on trafficking [100]. 

Given the critical role of S256, it is important to characterize the effects of modifying this 

residue at the atomic level. The WT-hAQP2 as produced by P. pastoris showed random 

phosphorylation of S256, S261, S264, and T244. These modifications most likely result in 

structural heterogeneity in the C-terminal tail of the protein. We have expressed S256A-hAQP2 

and S256D-hAQP2, to mimic non-phosphorylated and phosphorylated Ser256, respectively, 

according to the LT-SEVIN growth protocol and have used FTIR, stopped-flow spectrometry, 

mass spectrometry, and SSNMR to characterize S256D-hAQP2 and S256A-hAQP2.  
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6.2 Materials and Methods 

6.2.1 Materials 

Common chemicals of reagent grade were purchased from either Fisher Scientific 

(Unionville, Ontario, Canada) or Sigma-Aldrich (Oakville, Ontario, Canada). The isotopically 

labeled compounds (15NH4)2SO4, 
13C-Sorbitol, 13C-Methanol and 13C6-glucose were obtained 

from Cambridge Isotope Laboratories (Andover, MA). The Ni2+-NTA (nitrilotriacetic acid) 

agarose resin was purchased from Qiagen (Mississauga, Ontario, Canada). Lipids were purchased 

from Avanti Polar Lipids (Alabaster, AL). Plasmids with hAQP2 sequence with S256A or S256D 

were purchased from GenScript (Piscataway, NJ). 

6.2.2 Transformation 

The genes encoding S256A and S256D-hAQP2 (UniProt ID: P41181) with a N-terminal 

10xHis tag and a TEV cleavage site were codon optimized for P. pastoris and ligated into the 

plasmid pPICZ B with no C-terminal tags. Both plasmids were linearized with BstXI and 

transformed into the P. pastoris strain SMD1168H by electroporation as described previously in 

section 5.2.2. 

6.2.3 Colony Screening 

For both S256A and S256D, twelve transformed colonies were re-plated on YPD (1 % 

(w/v) Yeast extract, 2 % (w/v) Peptone, 2 % (w/v) Dextrose) plates containing increasing amounts 

of Zeocin (1000 and 2000 µg/mL) to select for transformants with the highest copy number of the 

hAQP2 mutant plasmids. The four colonies of S256A and three colonies of S256D which grew on 

2000 µg/mL Zeocin were grown and protein expression was screened as described in section 5.2.3. 
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The colonies of S256D-hAQP2 and S256A-hAQP2 which resulted in the strongest bands at ~25 

kDa on the western blot were selected for further growth and used for all subsequent experiments. 

6.2.4 Large Scale Expression and Purification 

The colonies producing S256A and S256D hAQP2 were grown according to the LT-

SEVIN protocol as outlined in section 5.2.7. Cells were lysed (see section 5.2.8) and total 

membrane protein extracts were solubilized (see section 5.2.9). The hAQP2 mutants were then 

purified (see section 5.2.10) and the protein eluate was concentrated to 2 mg/mL (w/v) by 

centrifugation (Amicon Ultra, 10 kDa cut-off). The purified S256A and S256D hAQP2 samples 

were incubated at room temperature with loading dye (10% (w/v) SDS, 500 mM DTT, 50% (w/v) 

Glycerol, 250 mM Tris-HCL, pH 6.8, and 0.5% (w/v) bromophenol blue dye) for 10 minutes and 

run on SDS-PAGE at 110 V for 1.5 hours. The SDS-PAGE was visualized by Coomassie blue 

G20 dye (see section 5.2.4). Mass spectrometry to confirm protein identity and locate post-

translational modifications was performed at the University of Western Ontario. Electrospray 

Ionization Mass spectrometry (ESI-MS) (Thermo Scientific Orbitrap Elite) was used on purified 

hAQP2 mutants which were run on SDS-PAGE and digested with either trypsin or chymotrypsin.  

6.2.5 Functional Assay of S256D-hAQP2 and S256A-hAQP2 

In order to confirm functionality of the purified protein, stopped-flow hypertonic shrinking 

assays were used following the procedure described in section 5.2.11. Exponential fits for the 

kinetic curves were calculated using built-in routines in Origin 2020b. Fits were evaluated using 

an ANOVA test. 
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6.2.6 Sample Preparation for SSNMR 

Purified hAQP2 mutants S256A and S256D were concentrated to 2 mg/mL and 

reconstituted into Heart Polar lipids (Avanti) according to the procedure outlined in section 5.2.12. 

The pellet was prepared according to section 5.2.13 and was stored at -80°C prior to packing. The 

sample was center packed in a thin-wall 3.2 mm rotor for SSNMR analysis. 

6.2.7 SSNMR Spectroscopy 

NMR experiments were performed on a Bruker Avance III spectrometer operating at a 

proton frequency of 800.230 MHz and equipped with Bruker 3.2 mm EFREE magic angle spinning 

(MAS) 1H–13C–15N probe. The MAS frequency was 14.3 kHz, and the sample temperature was 

maintained at 5°C in all experiments. Sample temperature was calibrated using neat methanol as 

an external reference [571]. All spectra were collected as described previously in section 5.2.14. 

6.3 Results and Discussion 

6.3.1 Expression of S256D-hAQP2 and S256A-hAQP2 

DNA encoding S256D-hAQP2 and S256A-hAQP2 were transformed into P. pastoris and 

the clones which showed the highest amount of protein production, as determined by western blot 

of broken cells membranes incubated with SDS, were chosen for further analysis. Both S256D-

hAQP2 and S256A-hAQP2 were expressed according to the LT-SEVIN protocol and the resulting 

eluates after purification were analysed by SDS-PAGE (Figure 6-4). S256D-hAQP2 expressed 3-

fold better than S256A-hAQP2, as determined by UV-vis estimate at 280 nm of purified protein, 

with S256D-hAQP2 having a final yield of 4 mg, compared to 1.3 mg for S256A-hAQP2. 

Incomplete denaturation of protein and even partial retention of its quaternary structure in the 
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presence of SDS can occur in the absence of boiling. For example, incubation of membrane 

proteins with SDS without heating before gel electrophoresis has previously been used to 

determine the oligomerization state of ASR [232]. When analysed by SDS-PAGE, S256D-hAQP2 

showed a greater preference for oligomers, with dimers and tetramers remaining associated even 

after SDS incubation. The relative intensity of these bands located at 25 kDa, 50 kDa, and 100 kDa 

respectively, is indicative of a stronger tetrameric association in S256D. S256A-hAQP2 easily 

dissociated into monomers in SDS. The pattern for S256A-hAQP2 is similar to what was seen for 

WT-hAQP2, which showed oligomers when run at a high concentration on the gel, but 

preferentially dissociated into the monomer. Some proteins, like lactose permease, can aggregate 

in detergent, which is visible by SDS-PAGE analysis [599]. However, given that WT-hAQP2 and 

S256A-hAQP2 primarily dissociated into monomers under the same experimental conditions, it is 

unlikely that hAQP2 is prone is aggregation. Therefore, the higher molecular weight bands in the 

S256D-hAQP2 sample likely correspond to detergent resistant oligomers. The oligomerization 

pattern also indicates that the introduction of a negative charge at S256 somehow promotes 

stronger interprotomer association either through the addition of another polar contact, or through 

changes in conformation which allow the long C-terminal tails to interact with adjacent protomers. 

Additional interactions involving the C-terminal tail are likely given the interprotomer contacts 

are located primarily at the cytoplasmic interface. 



 

 

187 

 

 

Figure 6-4 – SDS-PAGE of purified S256A hAQP2, S256D hAQP2, and WT-hAQP2. 

Marker used was Promega Pre-stained protein ladder. Purified protein for S256A and 

S256D was concentrated to 2 mg/mL and 5 µL was incubated for 10 min at room 

temperature with 5X SDS-PAGE loading dye (10% (w/v) SDS, 500 mM DTT, 50% (w/v) 

Glycerol, 250 mM Tris-HCL, pH 6.8, and 0.5% (w/v) bromophenol blue dye). For WT-

hAQP2, protein was concentrated to 4 mg/mL and 5 uL was incubated with 5X SDS-

PAGE loading dye for 10 min at room temperature. Samples were run at 110 V for 90 

min and bands were visualized with Coomassie Blue G-250 (Bio-Rad). Oligomers are 

identified by arrows. 

 

6.3.2 Reconstitution of S256D-hAQP2 and S256A-hAQP2 

The purified proteins were reconstituted according to the protocol developed for WT-

hAQP2. FTIR analysis of the mutants showed a similar overall architecture from the width and 

location of the amide I band. hAQP2, both S256D-hAQP2, S256A-hAQP2, and the WT, have a 

broader Amide I band as compared to hAQP1 (Figure 6-5). The overall helicity, calculated based 

the number of residues in the protein which are part of an α-helix in their respective X-ray 

crystallographic structures (PDB ID’s 4NEF and 1FQY), is 60% for hAQP2 and 65% for hAQP1. 
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However, this doesn’t completely account for the broader amide I band in hAQP2 as compared to 

hAQP1. Both proteins have a series of β-turns of equivalent length in loop C. MAS-SSNMR of 

loop C of hAQP1 confirmed the presence of these β-turns, specifically A130-V133 [588]. 

However, the long C-terminal tail of hAQP2 is structurally undetermined as compared to the short 

full-helix extensions of the N- and C- termini of hAQP1 into the cytoplasm. In fact, it was 

suggested by CD-spectroscopy of the hAQP2 phospho-mimic S256E that the negative charge at 

S256 results in a less helical C-terminal tail as compared to the WT [100]. It is a possibility that 

post-translational modifications at other sites on the C-terminal tail, as seen in WT-hAQP2 as 

produced in P. pastoris, could result in some hybrid structure with greater β-content in both 

S256D-hAQP2 and S256A-hAQP2. Another possibility is that hAQP2 binds some beta-structured 

protein partner with it during isolation, this could be addressed in the future with size-exclusion 

chromatography prior to reconstitution. 
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Figure 6-5 – Baseline-subtracted FTIR spectra of hAQP2 reconstituted proteoliposomes 

with WT-hAQP2 (blue), S256D-hAQP2 (orange), and S256A-hAQP2 (grey). Spectrum 

of hAQP1 (yellow) reconstituted into PC/PS 9:1 (w/w) liposomes is included for 

comparison [266]. 
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UCN-S256D-hAQP2 was produced and reconstituted in heart polar lipids as before. FTIR 

of the sample prior to packing was used to evaluate extent of isotope labelling in the sample. 

Uniform 13C/15N labelling of the protein was confirmed by the downshift of 40 and 21 cm-1 in the 

amide I and amide II bands, respectively (Figure 6-6). Sample quality of the UCN-S256D-hAQP2 

sample was equivalent to the NA sample as determined by the width and shape of the amide I 

band. However, the larger lipid ester peak in UCN-S256D-hAQP2 represents a protein to lipid 

ratio of 1:1 (w:w) as compared to 2:1 P:L (w:w) for the NA sample. 

 

Figure 6-6 – Normalized baseline-subtracted FTIR spectra of NA-S256D-hAQP2 (solid 

line) and UCN-S256D-hAQP2 (dashed line). Downshifts in the Amide I and Amide II 

bands in the UCN-S256D-hAQP2 sample relative to the NA-S256D-hAQP2 sample are 

indicated. 
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6.3.3 Functional Assays 

For functional analysis, S256D and S256A-hAQP2 were reconstituted in PC/PS liposomes 

(9:1 PC:PS (w/w) extruded to a diameter of 200 nm) at a protein to lipid ratio of 10:1 (w/w). 

Control liposomes were prepared from the same lipid stock, which was treated with DDM and 

incubated overnight with Bio-Beads SM-2 (Bio-Rad) to mimic the proteoliposome preparation 

procedure. Dynamic light scattering (DLS) (Malvern Zetasizer) was used to check the diameters 

of the prepared proteoliposomes and liposomes, resulting in a size of 300 nm for all three samples. 

The samples were subjected to osmotic shock in the stopped-flow spectrometer (SX20, Applied 

Photophysics) and light scattering was measured. As for WT-hAQP2, the kinetics of water efflux 

out of the proteoliposomes containing S256D-hAQP2 or S256A-hAQP2 was biphasic, which 

could be fitted with a double exponential equation using built in routines in Origin 2020b. 

Exponential fits were evaluated using an ANOVA test. Time constants for S256D-hAQP2 were 

22 ± 2 ms and 158 ± 12 ms (Figure 6-7a, Table 6-1) and the time constants for S256A-hAQP2 

were 15 ± 2 s and 152 ± 16 ms (Figure 6-7b, Table 6-1). It has been postulated that the slow 

kinetic phase is due to the protein-free population in the sample, resulting in the biphasic 

distribution [560]. The water efflux from the control liposomes showed a single exponential decay, 

with a time constant of 273 ± 4 ms (Table 6-1). The time constants for both the S256D and S256A-

hAQP2 proteoliposomes are very similar to that measured for WT-hAQP2 [600]. Moreover, there 

is no significant difference in the rate at which S256A and S256D-hAQP2 transport water relative 

to each other (Figure 6-7c). This implies that introduction of negative charge at this site does not 

impact the transmembrane domain, where the pore is located. This contrasts with the results 

reported by Eto et al. 2010 [103] where it was reported that S256D-hAQP2 showed improved 
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water permeability compared to S256A-hAQP2. However, this study was performed on S256D-

hAQP2 and S256A-hAQP2 expressed in E. coli which may not reflect the true structure of hAQP2 

given the possible non-native folding mechanisms due to expression in a prokaryotic host. 

Table 6-1 – Stopped-flow time constants of water efflux. from reconstituted hAQP2 (WT, 

S256A, and S256D) proteoliposomes, PC/PS liposomes, and mercury inhibited 

proteoliposomes. Constants and associated errors were calculated using curve fitting in 

Origin 2020b. Curves were fit based on an average trace of 30 measurements. 

 Sample 
Fitted Time 

Constant(s) (ms) 

Error of Fitted 

Time Constant(s) 

(ms) 

R2 Test Value 

WT-hAQP2 proteoliposomes 
21.0 

244 

1.0 

6.0 
0.99 

S256D-hAQP2 

proteoliposomes 

21.6 

 158 

1.7 

12 
0.95 

S256A-hAQP2 

proteoliposomes 

14.6 

152 

2.4 

16 
0.82 

PC/PS Liposomes 273 3.9 0.98 

Mercury Inhibited WT-

hAQP2 proteoliposomes 
218 2.0 0.98 

Mercury Inhibited S256D-

hAQP2 proteoliposomes 
183 1.9 0.99 

Mercury Inhibited S256A-

hAQP2 proteoliposomes 
221 5.4 0.95 
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Figure 6-7 – Stopped-flow spectrometry of (a) hAQP2 S256D-hAQP2, (b) S256A-

hAQP2, and (c) comparison of S256D-hAQP2 (orange) and S256A-hAQP2 (grey).  

Kinetics of light scattering changes in PC/PS liposomes under hypertonic shock were 

measured. Proteoliposomes reconstituted with hAQP2 at a protein:lipid ratio of 10:1 

(w/w), the same proteoliposomes incubated with 0.1 mM HgCl2 (blue), and PC/PS 

liposomes with no protein (black). Each trace is an average of 30 measurements and the 

exponential decay fits (double exponentials for proteoliposomes, and single exponentials 

for mercury-inhibited proteoliposomes and control liposomes) are displayed over the raw 

data (see text for details). 
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As a secondary control, S256D-hAQP2 and S256A-hAQP2 proteoliposomes were 

incubated for 15 minutes at room temperature with 0.1 mM mercuric (II) chloride, a known 

inhibitor of AQPs. Previous functional studies of mercury inhibited AQPs show that the presence 

of low molar amounts of mercury suppresses the water efflux of AQP-containing proteoliposomes 

when exposed to osmotic shock. Additional studies on hAQP1 have shown that Hg2+ reacts with 

the free sulfhydryl group on Cys189 (Cys181 in hAQP2), constricting the pore. However, when 

exposed to large molar amounts of HgCl2, hAQP1 precipitated from the lipid phase, implying 

further mechanisms of inhibition, including reactions with lipid head groups or other 

conformational changes due to binding to other Cys residues in the protein affecting structure and 

oligomerization [485]. Thus, lower molar amounts of mercury are preferable, although there may 

be incomplete inhibition of water efflux due to osmotic shock. The light scattering kinetics for the 

water efflux out of mercury-inhibited S256A-hAQP2 and S256D-hAQP2 proteoliposomes showed 

single exponential decays. For the mercury inhibited S256D, the time constant was 183 ± 2 ms 

(Figure 6-7a, Table 6-1). For the mercury inhibited S256A-hAQP2 proteoliposomes, it was 221 

± 5 ms (Figure 6-7b, Table 6-1). These values align with the kinetic constant calculated for water 

efflux from mercury-inhibited WT-hAQP2 (see section 5.3.2).  

6.3.4 Analysis of Post-translational Modifications by Mass Spectrometry 

In order to investigate the effect the mutations have on the C-terminal tail, ESI-MS of 

trypsin and chymotrypsin digested hAQP2 isolated from the SDS-PAGE gel was used to identify 

the extent of post-translational modifications on S256D-hAQP2 and S256A-hAQP2. The resultant 

peptides were analysed by PEAKS studio software (Bioinformatics Solutions Inc.) and possible 

locations of post-translational modifications were determined (Figure A1-2, Figure A1-3). 
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Sequence coverage by this analysis was 94% for S256D-hAQP2 and 97% for S256A-hAQP2. 

These amino acid substitutions eliminate one of the four possible modification sites seen in the 

wild-type, where phosphorylated Ser256 accounted for 22% of the total analysed peptides. For 

S256D-hAQP2, phosphorylation was predicted to occur in 48% of the analysed peptides, which is 

a reduction of 12% as compared to WT-hAQP2. Phosphorylation was found to occur in 47% of 

analysed peptides in S256A-hAQP2, a similar reduction in overall phosphorylation from the wild-

type. It appears that there is a slight increase in the frequency of phosphorylation on S264 in both 

S256D-hAQP2 and S256A-hAQP2 relative to WT-hAQP2. Furthermore, O-linked mannoses were 

predicted to occur at S261 and S264, like the wild-type. Overall, the frequency of glycosylation 

was decreased from 10% in WT-hAQP2 to 5% in S256A-hAQP2 and 6% in S256D-hAQP2. Given 

the lack of S256 as a binding site, this result was consistent with the simple removal of S256. 

Furthermore, there was a notable lack of dimannoses in the mutants compared to the wild-type. 

However, the overall pattern of post-translational modifications on the C-terminal tail of S256D-

hAQP2 and S256A-hAQP2 is comparable to that observed in WT-hAQP2. This pattern suggests 

that the phosphorylation state of Ser 256 does not strongly affect post-translational modifications 

on other sites on the C-terminal tail (Figure 6-8). Conformational changes in the C-terminal tail 

as a result of phosphorylation of Ser256 do not seem to occlude binding of protein kinases or O-

mannosyltransferases to T244, S261, and S264. 
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Figure 6-8 - Percentage of peptides which contain post-translational modifications at 

T244, S261, and S264 as predicted by ESI-MS of digested S256D-hAQP2 (a) and S256A-

hAQP2 (b). 64 peptides covering the C-terminus were analyzed by ESI-MS for S256D-

hAQP2 and 62 peptides were analysed for S256A-hAQP2. Error bars indicate one 

standard deviation. 

6.3.5 SSNMR experiments 

A UCN-S256D-hAQP2 sample was produced according to the LT-SEVIN protocol given 

its greater yield relative to S256A-hAQP2. Production of UCN-S256A-hAQP2 for NMR 

experiments was economically impractical. A two-dimensional 13C-13C correlation DARR 

spectrum was collected on the UCN-S256D-hAQP2 sample, which showed an increase in spectral 

resolution as compared to WT-hAQP2, albeit lower signal-to-noise due to lower yield (Figure 

6-9a). Comparison with the UCN-WT-hAQP2 sample showed an overall similar architecture 

based on similarity of spectra. Any changes in chemical shift or intensity of a specific residue 

could be indicative of changes in secondary structure or mobility. 2D CP DARR spectra 

characteristically show immobilized residues within the protein, if a residue becomes sufficiently 

immobile due to the mutation in the C-terminal tail, it could be reflected in the gain of signal in 
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DARR. Indeed, some new peaks could be seen in the UCN-S256D-hAQP2 spectrum. Improved 

resolution could reflect the presence of an additional negative charge at Ser256 which mimics 

phosphorylation at this residue, which results in a more homogenously structured protein 

compared to the heterogeneous phosphorylation state of S256 in the wild-type. Characteristic 

amino acid intraresidue correlations for Ala, Ser, and Thr were compared between UCN-S256D-

hAQP2 and UCN-WT-hAQP2 (Figure 6-9b-d). All regions were comparable spectrally, showing 

equivalent cross-peaks. Although there were some shifts in the CA/CB cross-peaks in the Ala 

region (Figure 6-9d), shifts in the Thr CA/CG region, and the loss of one cross-peak corresponding 

to Thr CA/CG (Figure 6-9c). Overall, the DARR results conform with the functional assays and 

FTIR experiments, which indicate that the transmembrane domain is largely unaffected by the 

negative charge at Ser256. Furthermore, given the increased spectral coverage and representative 

biological state of S256D-hAQP2, this protein is possibly a better choice for future detailed NMR 

experiments. 
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Figure 6-9 - Two-dimensional 13C-13C DARR chemical shift correlation spectrum of 

13C,15N-labeled S256D-hAQP2 (orange) proteolipid complexes overlaid on WT-hAQP2 

(black), recorded at 800 MHz, at a spinning frequency of 14.3 kHz and at 5 °C (a). 

Mixing time used was 30 ms. Data were processed with 40 Hz of Lorentzian line 

narrowing and 80 Hz of Gaussian line broadening in both dimensions. First contour 
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level is cut at 5 x σ with each level multiplied by 1.1 for UCN-WT-hAQP2. UCN-S256D-

hAQP2 was cut according to the maximum peak intensity of the wild-type. Regions 

selected to show spectral coverage of (b) Ser and Thr CA/CB correlations, (c) Thr CA/CG 

and Thr CB/CG correlations, and (d) Ala CA/CB correlations. 

 

INEPT-TOBSY spectrum of the UCN-S256D-hAQP2 sample showed a marked reduction 

in the number of cross-peaks relative to UCN-WT-hAQP2, which could be a result of decreased 

mobility in the loop and tail regions due to the introduction of Ser 256 phospho-mimic (Figure 

6-10). Additionally, the amplitude of sugar cross-peaks was reduced relative to the WT-hAQP2 

sample, indicating a reduced level of glycosylation. This aligns with the predicted level of 

glycosylation as determined from ESI-MS of trypsin and chymotrypsin digested S256D-hAQP2 

(see section 6.3.4). Additionally, ESI-MS revealed a lack of dimannoses in S256D-hAQP2. The 

reduction in signal could also be due to the reduced mobility in the single hexoses at S261 and 

S264 as compared to the dihexose. Peaks on the main diagonal corresponding to C3, C5, and C6 

of mannose could still be seen, despite the disappearance of their cross-peak signals, although there 

is a possibility these correspond to protein residues. A peak at 65.5/74.8 ppm was present in both 

WT and S256D hAQP2, which could potentially be a Thr CA/CB correlation. This could also be 

due to reduced mobility of the C-terminal tail in the phospho-mimic, which was shown to increase 

the prevalence of oligomers indicating more inter-protomer contacts, which could include residues 

on the C-terminus. This could also represent an increase in structure that is not necessarily α-

helical in nature.   
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(a) (b) 

Figure 6-10 – Two-dimensional 13C-13C INEPT TOBSY chemical shift correlation 

spectrum of UCN-S256D-hAQP2 (orange) overlaid on UCN-WT-hAQP2 (black), 

recorded at 800 MHz, at a spinning frequency of 14.3 kHz and at 5 °C, showing the 

mobile parts of the protein and sugar moieties. (a) Spectrum between 10 and 85 ppm. (b) 

Zoomed-in region between 62 and 82 ppm associated with the sugar cross-peaks from 

UCN-WT-hAQP2 with the spin system indicated with red dashed lines and labeled 

according to CASPER-determined α-D-Mannose assignments. Data was processed with 

40 Hz of Lorentzian line narrowing and 80 Hz of Gaussian line broadening in both 

dimensions. First contour level was cut at 5 x σ with each level multiplied by 1.15. 

6.4 Conclusions 

S256 is an extremely important residue in hAQP2. It must be phosphorylated in 3 out of 4 

protomers in order for the tetramer to be trafficked to the plasma membrane in vivo [106]. 

Phospho-mimics, wherein residues with negatively charged side-groups are substituted for 

residues prone to phosphorylation, can help elucidate how phosphorylation affects structure and 
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function of a protein. S256D-hAQP2, a phospho-mimic, and S256A, a non-phosphorylated mimic, 

were expressed in P. pastoris according to the LT-SEVIN protocol, developed for boosting yield 

of eukaryotic membrane proteins for isotopic labelling. The expression yield was affected by the 

addition of a negative charge at S256, S256D-hAQP2 showed yields 3-fold greater compared to 

S256A-hAQP2. Given phosphorylation at S256 is required for PM targeting in vivo [105], the 

difference in yield seen for the mutants is likely due to lack of PM targeting for S256A-hAQP2. 

SDS-PAGE of S256A and S256D-hAQP2 showed that oligomerization of S256D-hAQP2 is more 

persistent in the presence of harsh detergents as compared to S256A-hAQP2. This could be due to 

the addition of more interprotomer contacts at the cytoplasmic interface, due to interactions 

between the negative charge at S256 with other protomers or affecting the conformation of the C-

terminal tail such that it can interact with another protomer.  

Structural and functional analysis suggests the transmembrane domain is unaltered 

between S256D and S256A hAQP2. FTIR spectroscopy of the S256D-hAQP2 and S256A-hAQP2 

showed no significant deviations in the shape of the amide I band relative to the WT, suggesting 

similar helicity. Functional assays of S256D-hAQP2 and S256A-hAQP2 showed no significant 

difference in water permeability relative to each other. This indicates the pore is unchanged by the 

presence of a negative charge at Ser256. Both of these experiments provide evidence that the 

transmembrane domain is largely unaffected by the negative charge at Ser256. Mass spectrometry 

showed that frequency of post-translational modifications at T244, S261, and S264 were 

unaffected by the presence of either Asp or Ala at S256 position. Overall phosphorylation and 

glycosylation decreased proportionally, given the removal of a potential binding site. These 

findings indicate that the negative charge at Ser256 does not significantly affect the conformation 
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of the C-terminal tail which would disrupt the binding of protein kinases or O-

mannosyltransferases. This aligns with CD spectroscopic studies of hAQP2 phospho-mimics 

which indicated that conformational changes in the C-terminal tail were small between S256E and 

S256A [598]. 2D-13C-13C-INEPT-TOBSY showed the presence of dimannosylation in the mobile 

regions of UCN-WT-hAQP2. In contrast, UCN-S256D-hAQP2 showed a marked reduction in the 

presence of sugar cross-peaks in the 60 to 80 ppm region. This could be due to a combination of 

the reduced glycosylation in the sample and the lessened mobility of the C-terminus in S256D-

hAQP2. 

The transmembrane domain remaining unaltered by the addition of a negative charge at 

S256 was confirmed by 2D-13C-13C-DARR spectroscopy of the UCN-S56D-hAQP2. The DARR 

spectrum indicated that the immobile regions of the protein remain structurally similar, albeit 

UCN-S256D-hAQP2 showed increased spectral coverage and some small shifts in cross-peaks. 

This spectral coverage increase could be due to an increase in structural homogeneity in the 

S256D-hAQP2 sample. Given the consistent presence of a negative charge at S256, some regions 

of the protein became sufficiently immobile as to be detectable by DARR. The overall reduction 

in cross-peaks in the INEPT-TOBSY spectrum of S256D-hAQP2 relative to the wild-type 

indicated changes in the loops and tail regions of the protein, possibly reducing motions to an 

intermediate time-scale as to not be visible by either DARR or INEPT-TOBSY. This is likely due 

to decreased mobility in the C-terminus of S256D-hAQP2 relative to the UCN-WT-hAQP2 

sample. Both the DARR and INEPT-TOBSY results are consistent with overall decreased mobility 

in the loop and tail regions in S256D-hAQP2 relative to WT-hAQP2. Overall, S256D-hAQP2 
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presents an excellent target for future NMR studies given the increase in spectral coverage and the 

fact that it mimics the functional, biological state of hAQP2.
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Chapter 7  

Conclusions and Future Directions  
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7.1 Biosynthetic Production of an Isotopically Labelled Retinal 

A two-plasmid system was optimized for the co-expression of a microbial rhodopsin and 

its chromophore, retinal, in E. coli. Fully 13C-labeled retinal was homogenously produced in an 

economical manner when co-expressed with GPR. Chemical shifts assignments for 15 out of 20 

carbons in retinal when bound by GPR were determined by MAS SSNMR. The remaining 5 

carbons were not assigned at this time due to their likely proximity to the main diagonal in the 

GPR 2D-Dipolar Assisted Rotational Resonance (DARR) spectrum. In the future, these 

assignments can be determined if 13C-retinal is reconstituted into a natural abundance opsin. A 

two-phase growth culture wherein octane is added as the top layer was able to extract the 

biosynthetically produced retinal from minimal media growth culture. The crude extract could 

reconstitute an exogenous opsin, although there was evidence of contaminants in the mixture 

which can be addressed using an additional purification step. There are many potential applications 

of this system. Production of 13C-labelled retinal in this way could prove useful for the study of 

rhodopsins which express poorly in minimal media. For example, fully labelled retinal can be used 

to probe the retinal binding pocket of animal rhodopsins, like visual rhodopsin or squid rhodopsin. 

The all-trans-retinal can be converted to 11-cis-retinal for binding to animal rhodopsins [601]. The 

chemical shifts of the retinal carbons in rhodopsins trapped in intermediate photocycle states can 

help further knowledge of these important proteins. Sparse labeling of visual rhodopsin can be 

accomplished in mammalian cells, using 15N-Lys and 13C-Gly, for example [443]. Combining 

fully-labelled retinal with selectively labelled opsin could help elucidate retinal-protein distances 

in the binding pocket and their changes upon light activation.   
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The fully labelled retinal can also be reconstituted into an opsin which is labeled in a 

desired pattern, such as specifically, sparsely, or 15N, to elucidate retinal-protein interactions. 

Furthermore, glycolysis in E. coli follows a distinct pathway which does not go through the citric 

acid cycle [520]. Thus, one can use 1,3-13C-glycerol or 2-13C-glycerol to produce retinal with 

specific labelling schemes. Sparce labeling schemes reduce dipolar truncation due to 12C spin 

labels. These labelling schemes could be useful for NMR and FTIR experiments to study 

conformations changes in the retinal chromophore. Sparse labelling could be especially helpful for 

carbons 1 through 4 which are located in the β-ionone ring and may have indistinguishable 

chemical shifts based on what was seen in BR [450, 505]. Another possibility is the biosynthetic 

production of deuterated retinal, which could aid proton-detected studies on rhodopsins. 

7.2 Human Aquaporin 2 

In Chapter 5 and Chapter 6 a novel protocol was developed for the expression of human 

aquaporin 2 in minimal media in the methylotrophic yeast, P. pastoris. This protocol, termed LT-

SEVIN, combined low temperature, sorbitol co-feeding and high cell density at induction which 

resulted in a 10-fold increase in hAQP2 yield as compared to previously published protocols. 

Unlike previous structural studies, the protein was expressed using its full-length wild-type variant. 

Expressing the full-length protein allowed for post-translational modifications on the C-terminal 

tail, on which the phosphorylation state of T244, S256, S261, S264, and S269 affects the 

trafficking of the protein in vivo. Mass spectrometry in combination with enzymatic digestion 

determined that T244, S256, S261, and S264 were phosphorylated in the Pichia expressed protein. 

Uniformly 13C/15N labelled hAQP2 was produced and resulted in excellent spectral resolution 
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when analysed by 2D-DARR NMR. The Insensitive Nuclei Enhanced by Polarization Transfer 

(INEPT) [572] excitation combined with total through-bond correlation spectroscopy (TOBSY) 

[573] spectrum showed the presence of sugar moieties in the mobile regions of the protein. The 

presence of glycosylation was confirmed by both mass spectrometry and resonance chemical shifts 

of the spin system to be O-linked di-mannosylation at S256, S261, S264. 

Mutations of hAQP2 at Ser256 were produced by LT-SEVIN: a phospho-mimic S256D 

and unmodified mimic S256A. Functional analysis of these S256D-hAQP2 and S256A-hAQP2 

found no appreciable difference in their water permeability rates relative to each other nor the 

wild-type protein. This lack of differences was indicative that the transmembrane domain of 

hAQP2 is largely unaffected by the phosphorylation state of the C-terminal tail. This result was 

further confirmed by FTIR analysis of the S256D-hAQP2 and S256A-hAQP2 reconstituted into 

lipids for whom their amide I bands were quite similar. Mass spectrometry showed that post-

translational modification of the C-terminal tail of S256D and S256A hAQP2 was similar to that 

in the wild-type. These similarities indicate that post-translational modification of T244, S256, 

S261, and S264 occur independently of each other, with proportional decreases in phosphorylation 

and glycosylation relative to the wild-type due to the removal of a binding site. NMR experiments 

were performed on UCN-S256D-hAQP2. Given the low yield of S256A-hAQP2, it was 

impractical to produce an isotopically labeled sample for the non-phosphorylated mimic. INEPT-

TOBSY of UCN-S256D-hAQP2 indicated lowered mobility in the loops and tail regions of the 

protein as compared to the wild-type, given the reduction in signal. DARR, which targets immobile 

regions of the sample, showed an increase in spectral coverage for S256D-hAQP2, although the 
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overall spectrum was mostly congruent to that seen in WT-hAQP2. This increase in resolution 

could potentially be due to a more homogenously structured protein given the S256 phospho-

mimic, in conjunction with lower mobility in the loop and tail regions of the protein. This increase 

in resolution gives further evidence that S256D-hAQP2 is a better choice for future NMR analysis, 

given it mimics the biological state of hAQP2 when found in the apical PM in vivo.  

In the future this growth protocol can be extended to ARNDI associated mutants of hAQP2, 

specifically those which have been experimentally proven to retain water transport activity in vitro. 

These include T125M and T126M in loop C, R187C from the ar/R filter, N68S from the NPA 

motif, D150E, S216P, G64R, and A147T from the cytoplasmic side of the transmembrane domain 

(A147 is involved in inter-protomer contacts), A47V from the extracellular side of the 

transmembrane domain, and K228E which is located on the C-terminal tail (Figure 7-1). SSNMR 

of these mutants can probe changes in hAQP2 as a result of these mutations. Possible rescue 

compounds can be tested. Another possible project could probe protein-protein interactions on the 

C-terminal tail. The use of nanodiscs in this respect could be beneficial. Given both sides of the 

protein would remain accessible in nanodiscs, protein orientation would not affect binding assays 

unlike in lipid vesicles or stacked lamellar sheets. 
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Figure 7-1 – Location of ARNDI associated mutations on WT-hAQP2, side-chains of 

amino acids at these locations are shown with the exception of G64 for which the back-

bone is included. Mutations targeted for expression for SSNMR analysis are outlined. 

Structure of truncated wild-type structure PDB ID 4NEF [72] is used. Figure was 

generated in PyMOL [85-87]. 
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Figure A1-1 – ESI-MS results for trypsin and chymotrypsin digested WT-hAQP2. 

Peptides were analysed by PEAKS (Bioinformatics Solutions Inc.). Post-translational 

modifications on the C-terminal tail indicated by d (orange), deamidation, P, 

phosphorylation, d (purple), dihexose, and h, hexose. Residue numbering includes N-

terminal 10XHis tag and TEV cleavage site. 
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Figure A1-2 – ESI-MS results for trypsin and chymotrypsin digested S256D-hAQP2. 

Peptides were analysed by PEAKS (Bioinformatics Solutions Inc.). Post-translational 

modifications on the C-terminal tail indicated by d, deamidation, P, phosphorylation, 

and h, hexose. Residue numbering includes N-terminal 10XHis tag and TEV cleavage 

site. 
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Figure A1-3 – ESI-MS results for trypsin and chymotrypsin digested S256A-hAQP2. 

Peptides were analysed by PEAKS (Bioinformatics Solutions Inc.). Post-translational 

modifications on the C-terminal tail indicated by d, deamidation, P, phosphorylation, 

and h, hexose. Residue numbering includes N-terminal 10XHis tag and TEV cleavage 

site. 


