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Abstract  

19F-NMR spectroscopy is a powerful tool to advance our understanding of 

protein interactions due to a lack of background 19F signals, the inherently high 

sensitivity of the 19F nucleus, and minimal perturbation of proteins through 19F-

labeling. In this dissertation, I explored different 19F-NMR methodologies to 

characterize these phenomena, including polypeptide biophysical properties, 

membrane binding properties and intermolecular interactions. This research 

encompasses two main studies that use the 19F-NMR: first, the development of 

bicelle-optimized 19F-NMR experiments allowing me to experimentally 

demonstrate proof of a novel binding mode for the bioactive peptide apelin-17 

towards its cognate G-protein-coupled receptor (GPCR, the apelin receptor, AR); 

second, the creation and evaluation of a novel 19F-NTA-probe targeting His-tagged 

proteins, enhancing the specificity and utility of 19F-NMR in protein 

characterization. By expanding our toolbox of 19F-NMR methodologies, the 

findings from my study of apelin-17 binding mechanisms provided new insight into 

its interaction dynamics with membranes, allowing me to provide experimental 

support for a mechanism of GPCR binding that involves both enhanced diffusion 

via membrane-catalyzed peptide binding and localization combined with the 

intrinsically disordered fly-casting properties of its C-terminal tail ï enabled through 

the binding mode ï to enhance receptor recognition. This model not only sheds 

light on apelin's therapeutic potential in metabolic and neurological diseases but is 

also likely to have broader implications for similar peptide-GPCR systems. 

Furthermore, by developing a novel noncovalent 19F-probe, we characterized a 

19F-labelling approach that can bypass the laborous purification procedure of 19F-

labelled proteins. This 19F-probe can be applicable for probing proteins 

intermolecular interaction and with a promising potential for on-cell NMR studies. 
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Chapter 1: Introduction  

1.1 Apelinergic system  

1.1.1 Definition and physiological function of apelinergic system 

The apelinergic system, comprising two families of peptide ligands ï the 

apelin and apela (ELABELA) peptide families - and the apelin receptor (AR; also 

referred to in some literature as APJ), plays a significant role in the fields of 

neurobiology and physiology. Apelin, originally extracted from bovine stomach 

extracts and identified as an endogenous ligand for AR in 1998 [1], is widely 

expressed in various tissues including the heart, lungs, kidneys, and central 

nervous system [2-9]. Its receptor AR, a class A G protein-coupled receptor 

discovered together with apelin [1], is similarly distributed, indicating a broad 

range of physiological functions [10-16].  

As shown in Fig. 1.1, the apelinergic system influences a variety of 

metabolic diseases, including glucose metabolism and lipid homeostasis [13, 17-

22], implicating it as a potential target for therapeutic interventions in conditions 

like diabetes and obesity. This system is also directly involved in mediating 

vasodilation [15, 23-26], which can impact blood pressure regulation and 

cardiovascular health. More recent papers [16, 27-30] suggested the role of this 

system in the central nervous system insinuating its involvement in 

neuroprotection, neuroinflammation, and modulation of neurotransmitter release, 

indicating its potential implications in neurological disorders [27, 31-33]. Within 
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the past decade, influences of the apelinergic system have been identified in 

tumour progression, including roles in promoting lymphangiogenesis, 

angiogenesis, and potentially enhancing metastasis in different cancer types [34-

37]. Thus, understanding the physiological functions in the cross-talk network of 

the apelinergic system could greatly advance clinical applications in various 

areas of medicine. 

ELABELA (ELA), also known as Toddler, is a peptide hormone crucial for 

both embryonic development and adult physiology. It was initially recognized for 

its pivotal role in heart development, where it signals through the AR to regulate 

cardiovascular morphogenesis [38]. Since then, ELABELA has been implicated in 

diverse physiological functions [38-41]. Research has demonstrated that 

ELABELA deficiency in mice leads to conditions resembling preeclampsia and 

cardiovascular abnormalities, highlighting its importance in maternal and fetal 

health [42]. Moreover, the ELABELA-AR axis has been shown to protect against 

pressure overload-induced heart failure and cardiac damage, underscoring its 

therapeutic potential in cardiovascular diseases [43]. As the main focus of my 

dissertation will be about apelin, we will not discuss further about ELABELA 

beyond this section.   
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This system with apelin receptor (AR) (PDB: 5VBL [44]) and an example 

of endogenous ligand apelin-17 (BMRB entry 20031 [45], and its therapeutic 

potential across the human body. Created with BioRender.com. 

  

Figure 1. 1. An overview of the apelinergic system.  
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1.1.2 Structural and functional understanding of apelin receptor (AR) 

The apelin receptor (AR), a class A G protein-coupled receptor (GPCR), 

plays a pivotal role in mediating the effects of the endogenous peptide ligands 

apelin and ELABELA. This receptor was originally identified in 1993 [46] due to 

its 40% sequence homology to angiotensin II receptor (AT1R) and characterized 

further with the discovery of its natural ligand apelin target receptor in 1998 [1].  

From a structural biology understanding, AR consists of 7 helical 

transmembrane domains [44], which is typical of class A GPCRs, with Ŭ-helices 

connected by extracellular and intracellular loops[47, 48] (Fig. 1.2). This receptor 

is characterized by its ability to undergo conformational changes upon ligand 

binding, leading to activation of downstream signalling pathways such as G 

protein-dependent and protein-independent pathways [14, 49]. The AR  also 

demonstrates an ability to both homodimerize [12] and heterodimerize [50-52] or 

to form higher-order oligomers [12] to regulate its signalling efficiency and 

specificity.  

1.1.3 Structural and physiological understanding of apelin isoforms 

Apelin exists in various isoforms that result from intracellular and 

extracellularly processing, with post-translational modifications [1, 5]. These 

isoforms are derived from a common precursor peptide called preproapelin (77 

residues) exhibiting differential tissue distribution and physiological roles with the 

shorter isoforms demonstrating much higher potency than longer ones [53].  

 



 5 

 This snake plot depicts AR with seven transmembrane (TM) helices 

delineated. Additional structural features observed in the AR crystal structure [44]: 

a short ɓ-sheet in the second extracellular loop; the 8th helix, immediately C-

terminal to TM7; and, the two extracellular domain disulfide linkages (denoted by 

distinct dagger symbols). (With permission from Shin, K. et al. [49]) 

 

 

  

Figure 1.2.  Human apelin receptor (AR) ñsnake plotò format. Figure 1. 2. Human apelin receptor (AR) "snake plot" format.  
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Apelin isoforms share their retained 13 amino-acid C-terminal sequence, 

critical for receptor binding affinity and activation [54-56], and common AR 

binding mechanism [57]. Studies have identified differences in the ability of apelin 

isoforms to penetrate the blood-brain barrier and their stability in circulation, 

influencing their systemic versus localized effects [16, 29, 58, 59]. At the 

molecular level, apelin isoforms interact with the AR, leading to conformational 

changes that trigger downstream signalling pathways [14, 49]. 

Apelin isoforms exert pleiotropic effects across multiple organ systems [6, 

60-62]. In addition to its cardiovascular effects, apelin isoforms are implicated in 

metabolic regulation, where they influence glucose homeostasis, lipid 

metabolism, and energy balance [63-67]. Moreover, apelin isoforms are involved 

in physiological processes such as neuroprotection, where they mitigate neuronal 

injury and inflammation, suggesting potential therapeutic applications in 

neurodegenerative diseases [16, 29, 59].  

 

1.2. Apelin isoform sequences, structural and biophysical properties  

1.2.1 Apelin isoforms 

Apelin isoforms are derived from the 77-amino acid preproapelin precursor 

peptide (Table 1.1) [1], with the densely hydrophobic 22-residue N-terminal 

sequence which functions as a signal sequence [68] and 55-residue C-terminal 

domain with the receptor-binding site. Human, bovine and mouse preproapelin 

[69] all appear to be stabilized as dimeric proteins due to disulphide bridges 
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formed between cysteine residues in the signal peptide region [70]. Both 

monomeric and dimeric forms of preproapelin have been detected in various 

biological contexts, with dimeric forms prevalent in vivo in murine heart tissue. It 

has been suggested that dimerization may be crucial for proper processing, akin 

to other propeptides such as somatostatin-II [71]. 

Apelin isoforms contain conserved sequence motifs (Fig. 1.3) that are 

critical prior and subsequent their interaction with the AR. The conserved RPRL 

motif adopts a ɓ-turn conformation and is essential for receptor binding and 

activation [72, 73]. The RPRL motif was later found to be the cleavage site of the 

metalloprotease neprilysin [74]. The GPMPF motif in the C-terminal region can 

adopt multiple conformations [45, 75]. In one study using apelin-17 analogue 

AMG3054 [44], the the GPMPF region protrudes into the transmembrane domain 

of the AR, with a kink at the His. The C-terminal phenylalanine of GPMPF is 

important for ɓ-arrestin-mediated signalling and internalization [56]. Signalling 

biases based on C-terminal Phe presence or absence appears to be the most 

likely source for the receptorôs half-life through interaction with the 

transmembrane region of the AR[44]. The KFRR motif found at the N-terminal of 

apelin-17 also regulates receptor internalization and trafficking dynamics [55]. 

These motifs contribute to the diverse physiological functions attributed to apelin 

isoforms, such as cardiovascular regulation, metabolic homeostasis, and 

neuroprotection [66]. 
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Amino Acid Sequence  Apelin  

MNLRLCVQALLLLWLSLTAVCGGSLMPLPDGNGLEDGNVRHLVQPRGSRN

GPGPWQGGRRKFRRQRPRLSHKGPMPF 

-77 

(Proprotein) 

GSLMPLPDGNGLEDGNVRHLVQPRGSRNGPGPWQGGRRKFRRQRPRLS

HKGPMPF 

-55 

LVQPRGSRNGPGPWQGGRRKFRRQRPRLSHKGPMPF -36 

KFRRQRPRLSHKGPMPF -17 

<zERPRLSHKGPMPF Pyr-apelin-13 

QRPRLSHKGPMPF -13 

 

Table 1.1. The library of all apelin isoforms with corresponding amino acid 

sequences.  

* Underlined residues represent signal peptides. 

  <E represents pyroglutamate (Pyr1). 
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Residues that are fully conserved over the six illustrated species are 

indicated with a black background; partially conserved with varying shades of 

grey; and, variable positions with white (Permission from Shin et al. [49]). 

  

Figure 1. 3. Sequence conservation of apelin.  
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1.2.2. Processing mechanism and post-translational modifications to apelin 

isoforms 

Analysis of apelin-55 revealed multiple dibasic amino acid motifs, 

indicative of the likelihood of proprotein convertase subtilisin kexin (PCSK) 

cleavage [76]. Consistent with this, PCSK3 (furin) has been shown to process 

apelin-55 to give rise to apelin-13 [75-77], and PCSK3 has also been found to 

process apelin-36 [78]. This enzymatic specificity underscores the diversity of 

apelin isoform production pathways dependent on tissue-specific protease 

availability. Apelin-55 has been extracellularly processed prior to proteolytic 

cleavage [79] and additionally, demonstrated potency similar to apelin-36 and 

apelin-17 [75].  

Post-translational modifications play a significant role in modulating the 

stability and bioactivity of apelin isoforms. One notable modification is the 

spontaneous cyclization of apelin-13's N-terminal glutamine to form 

pyroglutamate (Pyr-apelin-13), which enhances its stability and extends its 

plasma half-life by protecting against N-terminal exoprotease degradation [60, 

80]. Another important modification of apelin was shown in studies demonstrating 

angiotensin converting enzyme-2 (ACE2)-mediated C-terminal phenylalanine 

hydrolysis [81, 82]. ACE2-mediated truncation was demonstrated in all apelin 

isoforms (apelin-13, -17, -36 and -55) in bovine colostrum and milk [79], directly 

linked to decreased cellular response in certain conditions [81, 82].  
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1.2.3. Comparison of potency and bioactivity between apelin isoforms 

Despite the sharing of the C-terminal peptide segment (Table 1.1), apelin 

isoforms exhibit varying affinities for the AR [54, 83]. Early comparative studies 

[1, 75, 76] identified apelin-36, -17, and -13, alongside N-terminally 

pyroglutamate-modified apelin-13 (Pyr1-apelin-13), as biologically active forms. In 

these studies, the shorter isoforms (apelin-17 and -13) were found to be of higher 

potency than the longer apelin-36 isoform. More recently, our group [75] 

demonstrated that apelin-55 could activate the AR, via extracellular signal-

regulated kinase (ERK1/2) phosphorylation response and with a lower potency to 

the shorter isoforms (apelin-36, -17 and -13). The highly similar conformations 

are exhibited in all apelin isoforms for the shared C-terminal region responsible 

for receptor binding and activation. 

1.2.4. Apelin-17 and its structure-function correlation properties 

As noted above, apelin-17 as an isoform of the apelin peptide family, plays 

a crucial role in various physiological processes of plasma osmolality through its 

interactions with the AR. The 17-amino acid apelin-17 sequence includes both 

the RPRL and GPMPF motifs essential for binding and activating AR [73]. 

Studies have shown that analogues of apelin-17 exhibit diuretic effects and 

cardiovascular benefits by modulating vasopressin-induced antidiuresis and 

improving hyponatremia in mice [84-86]. These findings highlight the importance 

of apelin-17 in regulating water balance and electrolyte homeostasis through its 
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interaction with AR, positioning it as a potential therapeutic agent for conditions 

associated with fluid retention and imbalance. 

Furthermore, molecular insights into the binding mechanism of apelin-17 

to AR have been elucidated through structural studies. Our group [45, 73] 

revealed that apelin-17 adopts a specific conformation, particularly in the RPRL 

motif, proposed to be crucial for its interaction with AR (Fig. 1.4). We have also 

explored the membrane catalysis of apelin-receptor interactions, suggesting that 

the headgroup composition of membrane mimetics influences the efficiency and 

specificity of apelin-17 binding to AR [73], which will be detailed further in the 

upcoming sections with regards to the likely involvement of membrane catalysis 

in the activity of this peptide (Section 1.5). These findings highlight the dynamic 

nature of apelin-17's interaction with lipid bilayers, where variations in membrane 

properties can modulate its affinity and biological activity, crucial for 

understanding its physiological roles and therapeutic potential in cardiovascular 

and renal disorders [45, 73].   

 

1.3. Molecular signalling of the apelinergic system  

1.3.1 Apelinergic system signal transduction pathways 
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Figure 1. 4. Structure of apelin -17 bound to an SDS micelle.  

A) The figure demonstrates the superposition of all conformations from R6 to K12 

(R6-K12 coloured blue, remainder green) with P7 and S10, initiation points of 

type I and type IV ɓ-turns, respectively. B) Zoom-in superposition of all 

conformations for region R6-K12. C) Zoom-in superposition of all conformations 

for region M15-F17 at C-terminal domain. (With permission from Langelaan & 

Rainey [73], https://pubs.acs.org/doi/10.1021/jp904562q) 
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Activation of AR by apelin peptides triggers multiple intracellular signalling 

(Fig. 1.5) cascades that regulate diverse cellular responses. One of the key 

pathways involve G protein-dependent signaling, where AR couples with guanine 

nucleotide-binding protein G(i) and G(o), alpha subunit (GŬi/o) proteins upon 

ligand binding [61, 87]. This interaction inhibits adenylate cyclase activity, leading 

to decreased cyclic adenosine monophosphate (cAMP) levels and subsequent 

modulation of downstream effectors such as protein kinase A (PKA) and ion 

channels, which influence cellular excitability and contractility [88]. 

AR exhibits complex signalling mechanisms involving both GŬi/o proteins 

and guanine nucleotide-binding protein G(q) and G(11), alpha subunit (GŬq/11) 

proteins [89]. It has been suggested that in cardiomyocytes, AR-mediated 

inotropic effects, such as contractility modulation, partially rely on GŬq/11 coupling 

to the activation of phospholipase Cɓ - protein kinase C (PKC)  (PLCɓ-PKC) 

pathway [90, 91]. This pathway involves PLCɓ activation, leading to the 

generation of inositol trisphosphate (IP3) and diacylglycerol (DAG), which 

subsequently activate PKC. Both GŬi/o and GŬq/11 - mediated Akt activation [87, 

92] lead to vasodilatory effects in AR. Activation of AR by apelin peptides 

stimulates PLC, leading to hydrolysis of phosphatidylinositol 4,5-bisphosphate 

(PIP2) and generation of IP3, which triggers Ca2+ release from intracellular 

stores. The Ca2+-modulated signalling pathway influences smooth muscle 

contraction, neurotransmitter release, and cellular migration, thereby highlighting 

the diverse physiological roles of the apelinergic system beyond cardiovascular 

regulation. Additionally, AR activation has been linked to the release of nitric  
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One example of AR pathways in pro-angiogenic cells such as tumour cells under 

Figure 1. 5. Diagram of the common pathways that are specific upon 

apelin -AR binding.  



 16 

hypoxic(low-oxygen) environment. The AR activation induced hypoxia response 

element(HRE) expression via different signalling pathways such as Akt/mTOR 

pathway, and ERK1/2 pathway by apelin isoforms. 
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oxide (NO) through endothelial nitric oxide synthase (eNOS)[5], which is 

activated by calmodulin in response to increased intracellular calcium levels 

derived from PLCɓ-PKC signaling. 

Additionally, AR can initiate ɓ-arrestin-mediated signaling pathways [93, 

94], which contribute to receptor desensitization, internalization, and activation of 

alternative signaling cascades independent of G protein activation[95]. ɓ-arrestin 

acts as scaffold for signaling molecules such as mitogen-activated protein 

kinases (MAPKs or ERK1/2), facilitating cellular responses involved in 

proliferation, migration, and gene expression. It is implied that the AR 

conformational change for ɓ-arrestin-mediated signalling is distinct from the G-

protein-mediated active state conformation normally induced by apelin [96, 97].  

1.3.2. Apelin-17 involvement to signal transduction pathways 

Apelin-17 has been shown along with other apelin isoforms to inhibit 

intracellular cAMP production [30, 55, 84], activate Akt [98], activate ERK1/2 [84] 

and increase intracellular pH [1, 99]. This isoform has also been documented to 

be involved with some of these pathways such in the regulation of ɓ-arrestin 

recruitment, AR internalization, and AR desensitization [56, 84, 100, 101].  

Apelin-17 analogues, designed for enhanced metabolic stability, promote 

Akt phosphorylation, indicative of Akt pathway activation, which plays critical 

roles in cell survival, growth, and metabolism [84, 98]. This Akt activation 

suggests that apelin-17 and its analogues may modulate Akt through its G 
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protein-coupled receptor, implicating therapeutic potential in cardiovascular and 

metabolic disorders. Apelin-17 binding to AR has been shown to inhibit cAMP 

accumulation [30, 55], highlighting apelin-17ôs role in negatively regulating 

adenylate cyclase activity and downstream cAMP-mediated signaling pathways. 

Iturrioz et al. [56] identified specific residues, particularly Phe255 and 

Trp259 within helix VI of the AR, crucial for its interaction with the C-terminal 

phenylalanine of apelin-17 to facilitate receptor internalization. This interaction 

promotes ɓ-arrestin binding and subsequent clathrin-mediated endocytosis of the 

receptor complex, which is essential for terminating apelin signaling and ensuring 

receptor recycling or degradation. Moreover, Gerbier et al. [84] demonstrated 

that modifications to apelin-17ôs C-terminal end can modulate its metabolic 

stability and cardiovascular effects, highlighting the significance of internalization 

processes in regulating AR signaling pathways. 

Additionally, Pope et al. [100] provided further insights into apelin receptor 

desensitization mechanisms. Their findings highlighted that apelin-17 and related 

agonists induce rapid internalization and subsequent desensitization of the apelin 

receptor through ɓ-arrestin recruitment and clathrin-dependent endocytosis. This 

process involves phosphorylation of the receptor by G protein-coupled receptor 

kinases (GRKs), followed by ѝ-arrestin binding and subsequent uncoupling of 

the receptor from G protein-mediated signaling cascades. These studies 

collectively emphasize apelin-17's dual role in initiating signaling events via G 

protein activation and in terminating these signals through ѝ-arrestin-mediated 
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receptor internalization and desensitization pathways. These types of pathways 

are essential for maintaining cellular responsiveness and homeostasis in 

apelinergic systems. 

1.3.3. HEK 293 cell lines in AR functional assays  

HEK 293 cell lines have been widely utilized in functional assays to 

investigate the signalling pathways activated by apelin isoforms, particularly 

focusing on ERK phosphorylation. Studies have shown that apelin isoforms can 

robustly induce ERK phosphorylation in HEK 293 cells transfected with AR [10, 

75, 100, 102-104].  

Research by Medhurst et al. (2003) [2] utilized HEK 293 cells to 

investigate how apelin-17 activates G protein-coupled receptor signaling, leading 

to ERK activation through AR. They demonstrated that apelin-17-mediated ERK 

phosphorylation is mediated through GŬi/o protein-dependent pathways, 

implicating these cells as valuable tools for dissecting the intricate signaling 

events triggered by apelin-17 and its receptor. Previously in our lab, Langelaan et 

al. and Shin et al. [75, 104] demonstrated the bioactivity and potency of apelin 

isoforms were assessed in an In-Cell WesternÊ assay for ERK phosphorylation 

using a stably AR-transfected HEK293A cell line.  

Thus, HEK 293 cell line provided a suitable cellular platform for studying 

the molecular mechanisms underlying apelin-17-induced ERK activation, aiding 
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in the understanding of its physiological roles and potential therapeutic 

applications in cardiovascular and metabolic diseases. 

1.4. Features of cell membranes, membrane mimetics  

1.4.1. Transition from micellar to bicellar model: 

Bicelles have emerged as a valuable tool in membrane protein research, 

offering advantages over traditional micelles due to their ability to better mimic 

the native lipid bilayer environment. Micelles, which are spherical aggregates of 

detergent molecules, often fail to replicate the natural fluidity, lateral pressure 

profile, and curvature of biological membranes where proteins reside [105-107].  

In contrast, bicelles are discoidal lipid aggregates surrounded by a belt of 

detergent molecules [107]. Bicelles contain a planar lipid bilayer formed by long-

chain phospholipids [108-110]. The planar lipid bilayer can be quite useful for 

membrane-attached proteins that require certain lipid head-group charges[111] 

as scaffolds to study their biophysical properties or specific intermolecular 

interactions. The bicellar structuring of a lipid bilayer with polar detergent head 

groups allows bicelles to maintain the essential characteristics of lipid bilayers 

while remaining soluble in aqueous solutions, making them suitable for a variety 

of biophysical and structural studies involving membrane-attached proteins [112] 

and membrane proteins [113-116]. 

Like some other membrane mimetics, bicelles, however, also presented 

several limitations given of its simplicity that failed to capitulate the cell 
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membrane system. Bicelles consist of a limited size and range of detergents and 

lipids[117, 118] for a successful incorporation of model membranes that do not 

take into account the importance of other components such as glycoproteins, 

glycolipids. The use of bicelles in structural studies with membrane proteins and 

membrane-interacting protein is quite limited, e.g only 10% NMR spatial 

structures of membrane proteins were obtained in bicelles[118].  

1.4.2. Various composition of bicelles  

The most extensively studied bicellar system is of the zwitterionic 

phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) forming the 

planar bilayer mixed with the detergent 1,2-dihexanoyl-sn-glycero-3-

phosphocholine (DHPC) as a rim of the disc [119-122]. Various combinations of 

detergents and phospholipids have been explored to tailor bicellar properties for 

different applications. 

 For instance, systems involving anionic 1,2-dimyristoyl-sn-glycero-3-

phospho-sn-glycerol (DMPG) and zwitterionic 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) have been investigated [123]. Bicelles with surfactants 

such as 3- [(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) 

and 3- [(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate 

(CHAPSO) are also known for their efficacy in preserving membrane protein 

structural integrity [124, 125]. More recently, bicelles incorporating DHPC, fatty 

acids, and other detergents have been reported to form solid-supported lipid 
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bilayers, demonstrating the versatility and tunability of bicellar systems in various 

systems [126, 127]. 

1.4.3. Biophysical properties of bicelles 

One of the key biophysical properties of bicelles is their ability to undergo 

alignment under specific conditions, such as in the presence of a magnetic field 

in NMR spectroscopy experiments [128-130]. This property is crucial for 

structural studies of membrane-bound proteins, membrane proteins and 

complexes, as it enables the measurement of orientational constraints that 

provide valuable information about the protein's topology and interactions within 

a membrane-like environment. Moreover, bicelles are compatible with a wide 

range of experimental techniques, including small-angle X-ray scattering(SAXS), 

small-angle neutron scattering(SANS), and dynamic light scattering(DLS), further 

enhancing their utility in elucidating the structure and dynamics of membrane-

associated biomolecules [120, 122]. 

The q ratio in bicelles refers to the molar ratio of long-chain lipid molecules 

(typically phosphatidylcholine, PC) to short-chain lipid molecules (such as DHPC) 

used to form the bicellar structures. The q ratio influences several crucial 

properties of bicelles, including their size, shape, alignment, and stability in 

solution. Generally, higher q ratios (e.g., q > 2) result in larger bicelles with more 

pronounced bilayer characteristics [131], suitable for studies requiring good 

magnetic alignment and stability, such as structural and dynamic investigations 

of membrane-associated biomolecules by solid-state NMR spectroscopy. 
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Conversely, lower q ratios (e.g., q < 1) produce smaller, more isotropic bicelles, 

which are advantageous for solution NMR studies of smaller molecules or 

interactions in more dynamic environments [122]. 

1.4.4. Bicelles compatibility with NMR 

 Bicelles have gained prominence in protein NMR spectroscopy due to 

their compatibility with membrane-associated proteins and their ability to mimic 

the lipid bilayer environment. Due to their magnetic alignment properties, it 

enhances the resolution and quality of NMR spectra, enabling researchers to 

obtain detailed information about the structure and dynamics of membrane-

associated biomolecules [108-110, 112, 120]. Additionally, bicelles provide a 

homogeneous membrane-mimetic environment that stabilizes membrane 

proteins, facilitating their solubilization and enabling studies of their interactions 

with ligands and other proteins using solution NMR techniques.

1.5. Membrane catalysis theory in  active peptide -GPCR binding  

1.5.1. Membrane catalysis theory 

The membrane catalysis theory proposed by Sargent and Schwyzer in 

1986 [132] proposed that the lipid phase of cell membranes plays a crucial role in 

catalyzing peptide-receptor interactions. Traditionally, membranes were viewed 

simply as passive barriers; however, this membrane catalysis theory suggests 

that the specific lipid composition and organization can actively influence and 
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enhance the binding kinetics and functional activities of peptides with their 

cognate receptors. In membrane catalysis, conversely, the lipid phase is 

considered not strictly a structural scaffold but a dynamic medium capable of 

facilitating interactions between peptides and receptors through its physical and 

chemical properties. 

Sargent and Schwyzer supported their theory with evidence that lipid 

phase transitions and fluidity changes within the membrane can directly affect the 

binding affinity and efficiency of peptide-receptor interactions. They argued that 

variations in membrane lipid composition, such as the presence of specific lipid 

domains or phases, can create microenvironments that stabilize receptor 

conformations favourable for peptide binding or alter the accessibility of receptors 

on the membrane surface. This concept of membrane catalysis expands our 

understanding of how membrane lipid dynamics contribute to cellular signalling 

and regulation, proposing that membranes act not only as inert barriers but as 

active participants in biochemical processes through their catalytic effects on 

molecular interactions. 

1.5.2. Evidence of membrane catalysis theory in GPCR-peptide literature 

Fast forward to almost 40 years since the proposal of this theory and we 

have seen multiple literature studies that provide evidence in its support. This 

phenomenon was exemplified by studies such as Inooka et al. [111, 133-137], 

who elucidated the conformational dynamics of peptide ligands bound to GPCRs, 

highlighting how lipid-protein interactions influence ligand binding and receptor 
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activation. These studies demonstrated that the GPCR peptides were able to 

bind to the membrane, even some were embedded into the membrane, before 

docking onto their respective receptors. These insights highlight the significance 

of the lipid environment in stabilizing specific conformations that facilitate efficient 

signaling cascades through GPCRs. 

Moreover, studies on neuropeptide Y (NPY) by Thomas et al. [135] and 

dynorphin A and B by Lind et al. [112] demonstrated that interactions with 

negatively charged phospholipid membranes alter peptide structure, influencing 

receptor binding and downstream signalling events. More recently, Preu et al. 

showed that angiotensin II, an endogenous ligand of the angiotensin II receptor 

(AT2R), binds to the phospholipid headgroup of the membrane mimetics. Due to 

high homology between AR and AT2R[138], we speculated of a similar 

underlying membrane-catalyzed mechanism for apelin isoforms binding to AR. 

Previous studies of our lab from Langelaan & Rainey[73] has also 

demonstrated the conformational change to ѝ-turn in apelin-17 to membrane 

mimetics, micelles, where RPRL region was shown to interact with the micellar 

headgroup. Huang et al. [40] has also demonstrated this micellar headgroup 

interaction for ELABELA, the other endogenous ligand of AR. 
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1.6. Biophysical characterization of protein -protein and protein -membrane 

interactions  

1.6.1. Circular dichroism 

Circular Dichroism (CD) spectroscopy finds diverse applications across 

many scientific disciplines, ranging from astrobiology to biotherapeutics 

development. One of its primary uses in biophysics is rapidly characterizing 

protein secondary structures [139]. CD spectroscopy takes advantage of the 

unequal absorption of left-handed and right-handed circularly polarized light. This 

unequal absorption is due to the conformation of the proteinðthat is, the 

asymmetric and periodic arrangement of peptide units in space, which gives rise 

to their characteristic CD spectra. Due to the distinct CD behaviour of amide 

bond chromophores in the polypeptide backbone, this spectroscopic technique is 

highly sensitive to the protein's conformational state, with distinct CD patterns in 

the far-UV for ќ-helices [140], ѝ-sheets [141], and random coils [142] (Fig. 1.6). 

This technique is particularly useful for assessing how mutations or 

changes in environmental conditions (like temperature, pH, or ionic strength) 

affect protein structures [143]. By quickly gauging structural changes, CD helps 

researchers prioritize which protein samples are suitable for further detailed 

analyses, thereby conserving resources that might otherwise be wasted on non-

native folded proteins. Moreover, CD spectroscopy allows for the studying of 

protein folding and stability in a quick and effective manner. It can monitor the  
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Figure 1. 6. CD spectra of proteins with representative secondary  structures.  

CD spectra of poly-L-lysine(1, black) Ŭ-helical and (2, red) antiparallel ɓ-sheet 

conformations(3, green) extended conformations [141] and placental collagen in 

its (4, blue) native triple-helical and (5, cyan) denatured forms. (With permission 

from Greenfield [139]). 
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unfolding or refolding of proteins under various conditions, providing insights into 

their thermodynamic stability and folding kinetics to expand our understanding of 

protein function and behavior, as well as for optimizing conditions for protein 

purification and storage in biotechnological and pharmaceutical applications. For 

the general purpose of my dissertation, I will employ CD technique to monitor the 

secondary structures of the peptide analogues prior to applying 19F-NMR 

techniques on them. 

1.6.2. Nuclear magnetic resonance (NMR)  

In section 1.6.2, the summaries on STD, 19F-NMR and prominent on-cell 

19F-NMR studies are based on work presented in the following mini-review 

publication: PhӴm, T. T. T. and Rainey, J. K., (2021) On-cell nuclear magnetic 

resonance spectroscopy to probe cell surface interactions. Biochemistry and Cell 

Biology. 99(6): 683-692. The mini-review publication presented a collection of 

NMR techniques and studies using whole cells to probe for cell surface 

interactions. The conceptualization, execution, collection of on-cell NMR 

literature and formal analysis were of equal contribution by both me and Dr. Jan 

K. Rainey. I drafted the solution-state NMR section and Dr. Jan K. Rainey 

assisted in the editing process. 

1.6.2.1. Saturation Transfer Difference (STD) 

STD NMR is a technique which allows the monitoring of ligand binding 

(e.g., as reflected by the dissociation constant, Kd) by magnetization transfer from 

a relatively slowly tumbling species, such as a large protein receptor, to a smaller 
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ligand [144-147]. For solution-state on-cell NMR studies of membrane proteins, 

this technique is typically initiated by saturation of the 1H spins on the receptor 

(Fig. 1.7.A, process 1) by selecting an irradiation frequency that is distinct from 

the receptor [148]. The magnetization developed in this manner in the receptor is 

then transferred from the receptor to bound ligands (Fig. 1.7.A, process 2), 

leading to the so-called saturation of NMR-active spins in the bound population. 

Upon dissociation, a saturated ligand molecule becomes part of a typically much 

larger pool of free ligands (Fig. 1.7.A, process 3). Following a period of 

saturation, the signal observed for the pool of free ligand molecules was 

attenuated as a direct function of the proportion of saturated versus unaffected 

ligands. A reference experiment, without receptor saturation, was subtracted 

from the experiment under receptor-saturation conditions providing the STD 

spectrum, where only NMR signals that are affected by saturation are apparent. 

The two primary advantages of the STD experiment are that it does not 

require expensive NMR-active isotope labelling and that it allows for the 

detection of Kd over a broad range, from Ḑ10 nM to 1 mM. Practically speaking, 

the energy transfer in the STD phenomenon occurs relatively fast (e.g., Ḑ100 

ms); thus, the experiment is most sensitive to binding processes with a fast off 

rate (e.g., faster than Ḑ0.1 Hz), with slower off rates leading to poor efficiency of 

the STD process [149]. This experiment also requires a relatively low receptor 

concentration in the presence of a 20ï1000× stoichiometric excess of the ligand. 
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Figure 1. 7. Schematic illustration of the primary nuclear magnetic resonance 

(NMR) of STD. 

A) Saturation transfer difference (STD) experiment, whereby (1.) the receptor is 

saturated by radiofrequency (RF) excitation, (2.) this is transferred to bound 

ligand, and (3.) the bound, saturated ligand dissociates and joins a larger pool of 

unsaturated, free ligands; resonances involved in binding will be attenuated in 

the STD-derived difference spectrum in direct relation to the binding. B) 

Intramolecular and C) intermolecular transfer nuclear Overhauser enhancement 

(trNOE) experiment. D) WaterLOGSY experiment experiment. E) Solid-state 

NMR strategies allow for direct observation of ligand and (or) receptor, as well as 

their interactions(With permission of PhӴm & Rainey [150]). 
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From an economic standpoint and from an experimental feasibility standpoint, 

this is beneficial as it does not require overexpression of the receptor of interest 

on the cell surface [145, 151]. Because this technique monitors only the ligands, 

the receptor molecular weight, with NMR behaviour accentuated by its even 

slower tumbling as a cell-surface species, is not problematic in terms of line-

broadening and slow longitudinal relaxation for solution-state NMR. Spin 

diffusion, which is beneficial for the saturation phenomenon, is also more efficient 

for a membrane-localized receptor protein than for a smaller molecule. STD 

experiments may also be applied to simultaneously monitor and distinguish 

between the binding (or lack thereof) of multiple potential ligands, provided that 

each ligand has NMR signals that may be distinguished [152, 153]. As an 

expansion of the original STD technique, the saturation transfer double difference 

(STDD) experiment is highly effective in studying drug molecules bound to the 

surface of a living cell and (or) membrane proteins [154-156]. STDD takes the 

double difference between the STD spectrum of the cell/ligand mixture and that 

of the cell in the absence of a ligand, providing a final double-difference spectrum 

free of any background residual receptor signal. 

1.6.2.2. Diffusion Ordered Spectroscopy (DOSY) 

The application of pulsed-field gradient techniques in nuclear magnetic 

resonance (NMR) spectroscopy, specifically Diffusion Ordered Spectroscopy 

(DOSY), enables the separation of components within mixtures based on their 

translational diffusion coefficients (Dc), which correlate closely to their molecular 

size [157, 158]. DOSY resolves the NMR spectrum in two dimensions. One 
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dimension is the diffusion rate (which closely related to the radius of protein) and 

the other dimension is resolved due to the chosen nuclear chemical shifts. 

Despite its theoretical capability to resolve mixture components distinctly, 

practical DOSY spectra [157] are not sufficiently well-resolved along the diffusion 

dimension to give a complete resolution of 1D spectra of individual molecules 

[159]. Therefore, the correction and processing of raw DOSY data are essential 

to align experimental results with the theoretical model provided by the Stejskal-

Tanner equation [158] and in complementary with other NMR techniques. 

1.6.2.3. Advantages of 19F-NMR 

The above-mentioned techniques usually rely on 1H-based NMR 

experiments in biological settings, with heteronuclear experiments applying a 

combination of 1H with 13C and (or) 15N also being feasible, particularly with 

isotopic-enrichment of at least one of the molecular species being studied. 19F is 

a spin-1/2 nucleus with properties that make it a highly effective probe for NMR 

studies. Namely, 19F has a sensitivity approaching that of 1H, 100% natural 

abundance, a high gyromagnetic ratio, and a wide chemical shift range [160, 

161]. Importantly, 19F is also absent from natural biological systems, meaning 

that there are practically no background signals which must be distinguished.  

1.6.2.4.19F-NMR studies for protein-protein and protein-membrane interaction 

Cross-correlation experiments between relaxation arising from 19F 

chemical shift anisotropy and 19F-1H dipole-dipole contributions can be exploited 

to elucidate the Kd values for target ligand-receptor interactions [162]. Expanding 
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the versatility of 19F NMR, effective variations of STD and WaterLOGSY 

experiments have been developed where 1H nuclei are irradiated and 

magnetization is transferred to 19F for detection [163-165]. The large 19F 

chemical shift anisotropy can also be taken advantage of in direct 19F NMR-

observed experiments for ligand screening, since this accentuates the linewidth 

difference between the bound and free states of a ligand, allowing the detection 

of a smaller fraction of bound-state molecules than in 1H NMR-based 

experiments and reducing the required amount of binding partner protein while 

also expanding the range of affinities that can be detected [166, 167]. Membrane 

interaction and binding by disparate species can also be readily monitored by 19F 

NMR spectroscopy (e.g., [161]), including otherwise challenging-to-study 

processes such as amyloid peptide oligomerization [168]. 

From a ligand-receptor interaction perspective, 19F NMR spectroscopy has 

been applied to simultaneously monitor both ligand and receptor species in 

membrane-mimetic environments [169] taking advantage of the biosynthetic 

incorporation of fluorotryptophan into the receptor [170, 171], providing 

distinct 19F NMR signals from a trifluorophenylalanine in a synthetic peptide 

ligand [172]. Moving into the natural membrane environment, fluorotryptophan 

labelling has been applied to characterize cytochrome b5 reconstituted into 

nanodiscs, with influences on 19F signals observed both as a function of the lipid 

bilayer composition and of binding to full-length cytochrome P450 2B4 [173]. As 

a whole, although not yet realized in the on-cell context, 19F NMR has great 
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potential applicability for future on-cell NMR studies, as seen in previous in-cell 

NMR studies [174-177]. 

1.6.2.5. Limitations of whole cells 19F-NMR 

 19F-NMR can exhibit intrinsic disadavantages. Rapid 19F-chemical shift 

anisotropy (CSA)-driven relaxation yields undesirable linewidth broadening[178-

180] which restricts the 19F-labeled protein experiments to be carried out at a 

limited range of field strange 564 MHz or even lower. Optimization to 

compensate for linewidth broadening, however, requires large quantities of 

samples presenting as another limitation for these types of studies in keeping the 

whole cells alive. Hence, continuing efforts in sample preparation and pulse 

sequence design are made to improve spectra quality and promote its future 

applications[180]. 

 

1.7 Rationale and Objectives  

1.7.1. Previous work in characterization of apelin-17 

In section 1.2.4., I have briefly introduced the structure-function correlation 

properties of apelin-17 from our groupôs previous research. Apelin-17 [45, 73] 

has been shown to adopt a ɓ-turn conformation potentially optimal for its 

interaction with AR. We further discovered an active role for the membrane in 

apelin-receptor interactions in micellar systems, suggesting that the headgroup 

composition of micelles facilitates the efficiency and specificity of apelin-17 

binding to AR [73]. However, as mentioned in section 1.4.1., as we explored the 
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given limitations of micelles, there is a need to transition to more physiologically 

representative models such as bicelles. 

1.7.2. Previous work in developing noncovalent 19F-probe 

 Furthermore, while 19F-NMR is such a powerful tool to investigate protein 

biophysics, protein-protein and protein-membrane interactions, one key 

challenge is the lack of versatile 19F-labelling approaches that are universally 

unperturbing to the protein structural stability [181, 182] to enable 19F-NMR. 19F-

probes are typically introduced into proteins through covalent modifications from 

the biosynthetic incorporation of fluorinated amino acids [171, 183] and/or 

through use of tRNA/aminoacyl-tRNA synthetase pairs [184-187]; or, through 

post-translational chemical conjugation [188-191]. Unlike for other biophysical 

characterization approaches, notably in introduction of fluorophore properties into 

proteins [192-194], noncovalent labelling strategies ï to the best of our 

knowledge - have yet to be reported for 19F-based probes. This presented a 

novel opportunity for the expansion of 19F-NMR applicability and versatility, 

through the development of a noncovalent 19F-labelling strategy. 

1.7.3. Research questions 

 On the basis of the wide variety of applications of 19F-NMR that have been 

demonstrated in characterizing protein biophysics, protein-protein interactions, 

and protein-membrane interactions from a structure-function correlation 

standpoint, I have targeted this methodology in my thesis. Namely, I have 

developed and explored different aspects of this technique through the  
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optimization of 19F-NMR-based techniques to looking at dynamic peptide-

membrane interactions and through the introduction of a new noncovalent 

labelling approach for 19F NMR spectroscopy.  

Two primary research questions were pursued, as detailed in the following 

Chapters 2 and 3. In Chapter 2, I wanted to understand the key membrane 

catalyzed behaviour of apelin isoform binding to the apelin receptor. Specifically, 

I wanted to evaluate the suitability of 19F NMR methods to expand our 

understanding of this mechanism and to use this to identify key residues that 

facilitate this process. In Chapter 3, I set out to determine whether noncovalent 

19F-labelling of proteins is feasible and ï if so ï to evaluate the potential range of 

applications for which this methodology can be applied to protein 19F-NMR 

spectroscopy.  

1.7.4. Objectives  

  To answer these research questions, in chapter 2 I hypothesized that 

membrane catalysis[132] would have a critical role in enabling apelin isoforms, in 

particular apelin-17, to search for AR in physiological settings. To enable the 

testing of this hypothesis, I developed solution-state 19F-NMR methodologies 

based upon Saturation Transfer Difference (STD) and Diffusion Ordered 

Spectroscopy (DOSY) that were specifically optimized for bicellar environments. 

This allowed me to investigate apelin-17 interactions with bicelles, elucidating 

key features of apelin-membrane interactions. For chapter 3, I hypothesized that 

using a well-established high-affinity system, like the His-Ni2+-nitrilotriacetic acid 
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(His-Ni2+-NTA)[195] system, would allow the creation of a stable and versatile 

19F-probe for protein NMR studies. To explore the functionality and features of a 

CF3-containing NTA-based probe, I developed and set up a series of 19F-NMR-

based assays to characterize the biophysical properties of this probe, its binding 

features, stability under spectroscopic conditions, and functionality with a set of 

proteins of interest. 
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Chapter 2 : Localized apelin -17 analogue -bicelle interactions as a 

facilitator of membrane -catalyzed receptor recognition and  

binding  

This chapter contains the abstract, introduction, materials & methods, results 

& discussion originally published in: Pham, T. T. T.; Murza, A.; Marsault, É.; 

Frampton, J. P.; Rainey, J. K., (2024) Localized apelin-17 analogue-bicelle 

interactions as a facilitator of membrane-catalyzed receptor recognition and 

binding. Biochemica et Biophysica Acta (BBA) ï Biomembranes. 1866(3): 

184289. All the presented results and analysis are my work, the first draft of 

the manuscript was written by me and all figures were prepared by me; 

Alexander Murza, under £ric Marsaultôs supervision, synthesized and purified 

some of the peptides used and edited the manuscript; John P. Frampton 

provided supervision and resources for cell culture experiments; and, Jan K. 

Rainey conceptualized the project and supported me in methodology 

development, worked with me in data analysis and acquisition, acquired funding, 

and reviewed and edited the manuscript. 

2.1. Abstract  

The apelinergic system encompasses two peptide ligand families, apelin and 

apela, along with the apelin receptor (AR or APJ), a class A G-protein-coupled 

receptor. This system has diverse physiological effects, including modulating 

heart contraction, vasodilation/constriction, glucose regulation, and vascular 

development, with involvement in a variety of pathological conditions. Apelin 
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peptides have been previously shown to interact with and become structured 

upon binding to anionic micelles, consistent with a membrane-catalyzed 

mechanism of ligand-receptor binding. To overcome the challenges of observing 

nuclear magnetic resonance (NMR) spectroscopy signals of a dilute peptide in 

biological environments, 19F NMR spectroscopy, including diffusion ordered 

spectroscopy (DOSY) and saturation transfer difference (STD) experiments, was 

used herein to explore the membrane-interactive behavior of apelin. NMR-

optimized apelin-17 analogues with 4-trifluoromethyl-phenylalanine at various 

positions were designed and tested for bioactivity through ERK activation in 

stably-AR transfected HEK 293T cells. Far-UV circular dichroism (CD) 

spectropolarimetry and 19F NMR spectroscopy were used to compare the 

membrane interactions of these analogues with unlabelled apelin-17 in both 

zwitterionic/neutral and net-negative bicelle conditions. Each analogue binds to 

bicelles with relatively weak affinity (i.e., in fast exchange on the NMR timescale), 

with preferential interactions observed at the cationic residue-rich N-terminal and 

mid-length regions of the peptide leaving the C-terminal end unencumbered for 

receptor recognition, enabling a membrane-anchored fly-casting mechanism of 

peptide search for the receptor. In all, this study provides further insight into the 

membrane-interactive behaviour of an important bioactive peptide, demonstrating 

interactions and biophysical behaviour that cannot be neglected in therapeutic 

design.  
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2.2. Introduction  

The apelinergic system comprises two peptide ligand families (apelin [1] 

and apela (also referred to as ELABELA and Toddler) [38, 196]) and a class A 

(rhodopsin-like) G-protein-coupled receptor (GPCR) called the apelin receptor 

(AR; also known as APJ; gene name: APLNR) [46, 49]. Apelin has multiple 

bioactive isoforms which are widely distributed in the human body and bind to 

and activate the AR with physiological outcomes including increasing heart 

contraction [6, 89, 197]; vasodilation [11, 23, 198, 199]; modulation of glucose 

and insulin homeostasis [58, 65, 200-202]; vascular development [203, 204]; 

and, more [49]. In contrast to the wide distribution of apelin, apela has so far 

been found to have a relatively limited distribution with similar effects on vascular 

development to apelin [49] and several other roles [39, 205]. The apelinergic 

system has also been linked with number of pathophysiological conditions [14] 

including chronic heart failure [11], diabetes [65, 200], obesity [206, 207], and 

cancer [37, 208-211]. As a result, this system has been proposed to have strong 

potential for therapeutic targeting, including in clinical trials for heart failure [212] 

and type-2 diabetes mellitus [213]. 

Previous studies from our lab demonstrated that the apelin-17 (Ap17) 

isoform became structured upon binding to anionic micelles [73]. Subsequently, 

this behaviour was shown to be consistent for all bioactive apelin isoforms [75]. 

Apela isoforms were also shown to exhibit similar headgroup-dependent micelle-

interactive behaviour [40]. This is consistent with the membrane catalysis 

mechanism of ligand-receptor binding, whereby peptide ligands are proposed to 
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interact first with the membrane to facilitate receptor encounter by reducing the 

search from 3- to 2-dimensions while also potentially leading to a peptide 

conformational change that enhances recognition by the cognate receptor [132]. 

It is not uncommon for GPCR peptide ligands, including a variety of 

neuropeptides [112, 133, 135] and peptide hormones [214-218], to exhibit 

membrane-interactive behaviour of this nature. Of particular relevance to the 

apelinergic system, angiotensin II, ligand of the angiotensin receptors (AT1R, 

which shows 40-50% identity to AR in its transmembrane region, and AT2R), has 

also been shown to bind to planar-supported membranes and vesicles [138]. 

Membrane binding of apelin isoforms has also been evaluated in phospholipid 

bicelles, with 31P nuclear magnetic resonance (NMR) spectroscopy of the lipid 

components demonstrating peptide-induced membrane perturbation but with the 

peptides themselves remaining difficult to study in this context [219] ï 

overcoming this challenge was a major incentive for the current study. 

One promising approach to overcome the challenges inherent in 

observing NMR signals from bioactive peptides at relatively low-concentration in 

samples of relatively high phospholipid concentration is 19F NMR spectroscopy 

[160]. The 19F nucleus has a nuclear spin of ½, 100% natural abundance, a high 

gyromagnetic ratio, and a wide chemical shift range that is sensitive to the local 

environment [220]. There is also a lack background fluorine signals in biological 

environments and 19F incorporation frequently leads to minimal perturbation to 

either structure or functional integrity of proteins [221-224], with fractional 

labeling potentially being beneficial to ensure that 19F incorporation is minimally 
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perturbing [181]. Both apelin and the AR are amenable to 19F-labeling and 19F 

NMR [169, 171, 225] with a wide variety of bioactive 19F-containing apelin 

analogues now reported [84, 172, 226], allowing study of both bioactive ligands 

and the receptor through 19F NMR. 

To better understand the membrane-interactive behaviour of apelin, here 

we examine the suitability of 19F NMR methods to probe apelin-bicelle 

interactions. Specifically, 19F-based pulsed field gradient diffusion measurements 

(or, diffusion ordered spectroscopy (DOSY) [157, 158]) and saturation transfer 

difference (STD [146, 227]) experiments were optimized to both quantify and 

evaluate peptide sequence position-specific differences in binding of apelin 

peptides to bicelles. To enable this, a series of new NMR-optimized Ap17 

analogues containing 4-trifluorophenylalanine (Tfp; Fig. 2.1) at various positions 

was designed, with bioactivity tested through evaluation of signaling in HEK 293T 

cells stably-transfected [75] with the AR. The membrane-interactive behaviour of 

these analogues was compared to that of unlabeled Ap17 using bicelles 

comprising lipids having headgroups either strictly of phosphatidylcholine or of 

mixtures of phosphatidylcholine and phosphatidylglycerol through far-UV circular 

dichroism (CD) spectropolarimetry alongside 19F NMR spectroscopy. 

2.3. Materials and Methods  

2.3.1. Apelin analogue design, synthesis, and purification 

A series of analogues were designed based upon the human Ap17 

sequence (KFRRQRPRLSHKGPMPF). Seven analogues were produced: three  
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Ap 17 (Ap17; sequence: KFRRQRPRLSHKGPMPF) peptide analogues with 19F 

substituted at positions 2, 9, and/or 17 (underlined). (Reproduced from PhӴm et 

al. [228]) 

  

Figure 2. 1. Unnatural 19F-containing phenylalanine analogues used to 

prepare apelin -17. 
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with 2,4,5-trifluorophenylalanine (F*, Fig. 2.1) substituted at each of positions 2, 

9, and 17 of Ap17; three with Tfp at positions 2, 9, and 17 of Ap17 and, one with 

a double substitution of Tfp at All F*-containing analogues were prepared in a 

similar manner to that described previously [169] through solid-phase peptide 

synthesis with standard Fmoc-protection chemistry. A 2-chlorotrityl chloride resin 

(0.8 mmol/g, 0.1 g) was used and coupling reactions were performed using 

Fmoc-protected amino acids (5 equiv.), O-(7-azabenzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HATU, 5 equiv.) and N,N-

diisopropylethylamine (10 equiv.) in N,N-dimethylformamide (DMF) for 20 min at 

room temperature, with Fmoc deprotection in the presence of piperidine (20% in 

DMF, 2 × 5 min at room temperature). Final peptide cleavage from the resin and 

simultaneous protecting groups removal was done using a cocktail of 

trifluoroacetic acid/H2O/triisopropylsilane/1,2-ethanedithiol (37:1:1:1 v/v; 4 h at 

room temperature), and precipitation in tert-butyl methyl ether at 0 °C. Reverse-

phase high performance liquid chromatography (RP-HPLC) was employed for 

purification, with final peptide purities (>95%) based upon ultraviolet (UV) 

absorption in analytical RP-HPLC traces and peptide identities confirmed by 

electrospray ionization mass spectrometry (ESI-MS). Purified peptides were 

lyophilized and stored at ī20 ÁC. Ap17 and singly Tfp-substituted Ap17 

analogues were obtained from GL Biochem Ltd. (Shanghai, China) at >95% 

purity, with both RP-HPLC and ESI-MS data for each analogue provided. 
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2.3.2 Bicelle preparation 

Bicelle preparation followed general protocols and sample considerations 

outlined previously [229]. All lipids were obtained in powder form (>99% purity; 

Anatrace or Avanti). Specifically, two types of isotropic bicelles with q = 0.5, 

where q is the molar ratio of long-chain to short-chain lipids, were prepared in 2× 

stock for biophysical studies: (1) neutrally charged zwitterionic bicelles (ñPC 

bicellesò) composed of 100 mM 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) and 200 mM 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) and 

(2) mixed zwitterionicïanionic bicelles (ñPC/PG bicellesò) composed of 80 mM 

DMPC, 20 mM 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol (DMPG), and 

200 mM DHPC. Bicelle stocks were prepared by suspending lipids in H2O and 

subjecting them to 7-11 cycles of heating (42 °C, 15 min) and cooling (~0°C (on 

ice), 15 min), with vortexing (2 min) between each cycle. For biophysical studies, 

samples were prepared by diluting to 1× bicelle (150 mM PC bicelles or 150 mM 

PC/PG bicelles) in the appropriate buffer (20 mM Na2HPO4/NaH2PO4, pH 7.0 or 

20 mM Na2HPO4/NaH2PO4, 150 mM NaCl, 90%/10% H2O/D2O, pH 7.0). The pH 

of each sample was subsequently adjusted to 7.0 through dropwise addition of 

HCl and/or NaOH noting that this was carried out without compensation for 

effects of deuterons in samples containing D2O. For samples containing Ap17 

peptide or analogues, the peptide was added after solution preparation rather 

than being present throughout the bicelle formation procedure. 



 47 

2.3.3. Far-UV CD Spectropolarimetry 

Ap17 peptide and analogue concentrations were determined by UV-Vis 

absorption spectroscopy (Upcycled HP 8452A Diode Array, Olis) at 214 nm (‐ of 

40,030 M-1 cm-1 for Ap17, Phe2Tfp and Phe17Tfp; ‐ of 45,185 M-1 cm-1 for 

Leu9Tfp, estimated assuming unchanged absorbance at 214 nm for Tfp vs. Phe 

using the method of Kuipers and Gruppen [230]). Analogues were prepared (400 

mM) in buffer without bicelles (20 mM Na2HPO4/ NaH2PO4, pH 7.00 ° 0.05) and 

in both PC bicelle and PC/PG bicelle conditions (as detailed in 2.2). Far-UV CD 

spectra were acquired (DSM 20 CD, Olis) at 37 C̄ with a data pitch of 1 nm from 

260 to 180 nm with integration time varied as a function of light intensity (i.e., 

Olisô integration time as a function of photomultiplier tube High Volts). Cuvettes of 

0.1 mm path length (Hellma) were employed. All spectra were acquired in 

triplicate, averaged, blank subtracted, and converted to mean residue ellipticity 

[ʃ]. Finally, [ʃ] values were subjected to a weighted sliding window average over 

3 nm stretches so that [ʃ] at a wavelength (ɚ) is: 

ʃ ρ
τʃ

ρ
ςʃ  ρτʃ      (2.1) 

Each spectrum was baseline corrected by subtracting the average ellipticity from 

250-260 nm.  
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2.3.4. ERK phosphorylation assays to evaluate Ap17 analogue bioactivity 

Human embryonic kidney (HEK) 293A cells stably expressing wildtype AR 

[75] were employed for bioactivity assays. Observation of enhanced green 

fluorescent protein fluorescence, with this protein expressed in a separate open 

reading frame on the AR-encoding plasmid, was used to confirm that the AR-

encoding plasmid was retained in the stable cell line [75]. The antibiotic geneticin 

G418 (Teknova, Fisher Scientific) was added to Dulbeccoôs Modified Eagleôs 

Medium (DMEM; High Glucose, Corning) with 10% Fetal Bovine Serum (FBS, 

Sigma Aldrich) at a concentration of 200 mg/mL At ~70 % confluency, the 

medium was aspirated and refreshed with both antibiotic-free and serum-free 

DMEM. After an additional 24 h, plates of cells were stimulated with 1ʈM of Ap17 

and 19F-analogues, or unstimulated with just DMEM without apelin [75], 

respectively, for 5 min. Immediately after the stimulation period was complete, 

the medium was aspirated and cells were resuspended in 

radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM NaCl, 50 mM Tris-

HCl pH 8.0, 1 % Nonidet P-40, 0.5 % sodium deoxycholate, 0.1 % SDS), 

followed by rotated at 4 C̄ for 30 min (with vortexing every 10 min). The resulting 

cell lysate samples were then centrifuged for 20 min at 15000 g at 4 C̄, with the 

supernatant collected and the pellet discarded. Protein samples were either 

frozen at - 20 C̄ for future use, or protein content was determined using the 

Bradford assay as detailed below. 
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To determine protein concentration in cell lysate samples, a standard 

curve was generated using BSA. BSA was serially diluted from a 1 mg/mL stock 

to create solutions of known concentrations. Bradford reagent (250 µL, Bio-Rad) 

was added to a 96-well plate followed by 10 µL of BSA standard, or cell lysate 

sample. Samples were mixed well with pipetting, then incubated at room 

temperature for 10 min to allow the color to develop. The absorbance of samples 

was measured at 595 nm using a FilterMax F5 Multi-Mode Microplate Reader 

(Molecular Devices). All samples were measured in triplicate. 

 Each protein sample (20 mg) was then separated by SDS PAGE using 10 

% acrylamide gels resolved at 200 V for 45 min, with a pre-stained protein 

molecular weight standard ladder (Bio-Rad: 161-0373; 10 to 250 kDa). Proteins 

were transferred from gels to PVDF membranes (Amersham: 1060030) for 75 

min at 100 V. After transfer, membranes were rinsed in TRIS-buffered saline with 

Tween 20 (TBST; 20 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.6), then 

blocked for 1.5 h using 5 % BSA in TBST. Primary antibodies (p44/42 MAPK 

(ERK1/2) rabbit antibody (Cell Signaling Technology: 9102) and phospho-p44/42 

MAPK (pERK1/2, T202, Y204) rabbit antibody (Cell Signaling Technology: 9101)) 

were diluted 1:1000 in 1 % BSA in TBST and membranes were incubated with 

primary antibodies overnight at 4 C̄, with shaking. Membranes were then 

washed three times for 10 min with TBST, followed by incubation with an anti-

rabbit IgG HRP-conjugated secondary antibody (R&D Systems HAF008; room 

temperature, 1 h). Following washing in TBST (3 times for 10 min), ECL Western 

Blot Substrate was added (Thermo Fisher: CAP132109; 2 min while shaking) 



 50 

and the resulting blots were visualized using chemiluminescent detection (Azure 

c300 imaging system). Densitometry in ImageJ 1.53a (National Institute of 

Health, USA) was used to measure integrated pixel intensity to compare protein 

expression between samples. The pERK:ERK intensity ratios were measured for 

three independent biological replicates for each condition, with the mean and 

standard deviation evaluated for each triplicate for statistical comparison. 

Differences between normalized ERK phosphorylation levels were assessed for 

statistical significance using Welchôs ANOVA multiple comparison tests in Prism 

10 (GraphPad). 

2.3.5. Preparation of NMR samples and acquisition and processing of 1D NMR 

experiments 

All analogues were re-suspended in an appropriate volume of NMR buffer 

(1 mM DSS, 1 mM NaN3, 20 mM Na2HPO4/NaH2PO4 buffer, pH 7.00 ± 0.05, 

90%/10% H2O/D2O) to reach a final protein concentration of 1 mM for 19F-

labelled analogues and unlabelled Ap17. All NMR experiments were conducted 

at 37.00 °C using either an Avance or Neo 500 MHz spectrometer equipped with 

either a room temperature 5 mm broadband fluorine observe (BBFO) 

SmartProbe with a z-axis gradient or a TCI Cryoprobe Prodigy tunable to 19F 

(Bruker; NMR3 Facility, Dalhousie University). Unless otherwise specified, 

experiments were carried out using standard pulse programs available in the 

TopSpin 2.1 (Avance) or TopSpin 4.0 (Neo) libraries of pulse programs and 

processed using TopSpin 4.1. 1D 1H experiments were acquired using excitation 

sculpting with gradients for water suppression [231] (pulse program ñzgesgpò; 32 
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scans, 3 s relaxation delay, 20.8 ppm spectral width, 4.701 ppm spectral center 

point, 1.57 s acquisition time with 30,028 acquired points; Fourier transformed 

using zero filling to 32,768 real points and with line-broadening of 0.3 Hz). 1D 31P 

experiments (only possible on the BBFO probe) were acquired without 1H 

decoupling (pulse program ñzggdò with decoupler power at 0 W, 4 scans, 2 s 

relaxation delay, 36.7 ppm spectral width, 0 ppm spectral center point, 2 s 

acquisition time with 29,760 acquired points; Fourier transformed using zero 

filling to 65,536 real points and with line-broadening of 5.0 Hz). 1D 19F 

experiments were acquired without 1H decoupling (pulse program ñzgfhigqnò with 

decoupler power at 0 W, 512 scans, 1 s relaxation delay, 79.9 ppm spectral 

width, -62 ppm spectral center point, 0.43 s acquisition time with 32,768 acquired 

points; Fourier transformed using zero filling to 262,144 real points and with line-

broadening of 1.0 Hz). 1D 19F spectra were baseline corrected for F*-containing 

analogues, but not for analogues containing only Tfp. In all instances, 1H 

chemical shifts were referenced directly to the DSS methyl peak at 0.0000 ppm 

while 19F and 31P (to external H3PO4) chemical shifts were referenced indirectly 

to the 0.0000 ppm DSS frequency in the 1D 1H spectrum [232]. Phe17Tfp 

1D 19F-spectra were deconvoluted using TopSpin 4.3 employing its automated 

peak-picking and machine learning deconvolution algorithm [233], fit using 

Lorentz/Gauss functions to determine the number of underlying peaks alongside 

their chemical shifts and peakwidths in each condition. 
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2.3.6. Diffusion Ordered Spectroscopy (DOSY) 

Hydrodynamic properties of isotropic bicelle samples were measured 

using stimulated echo DOSY experiments, acquired in a pseudo-2D manner in all 

cases using longitudinal eddy delays and bipolar gradient pulses for diffusion 

[234]. For 1H DOSY, the pulse program ñledbpgppr2sò was employed (32 scans, 

3 s relaxation delay, 20.8 ppm spectral width, 4.7 ppm spectral center point, 1.57 

s acquisition time with 32,768 acquired points; Fourier transformed with zero 

filling to 131,072 points and line-broadening of 0.3 Hz); 31P DOSY, ñledbpgp2sò 

was applied (64 scans, 1 s relaxation delay, 29.6 ppm spectral width, 0 ppm 

spectral center point, 1 s acquisition time with 12,016 acquired points; Fourier 

transformed with zero filling to 16,384 points and line-broadening of 2.0 Hz); and, 

for 19F DOSY, the ledbpgp2s pulse program was modified to use 19F routing 

(1024 scans, 1 s relaxation delay, 80 ppm spectral width, -62 ppm spectral center 

point, 0.43 s acquisition time with 32,768 acquired points; Fourier transformed 

using zero filling to 65,536 points and line-broadening of 1.0 Hz). For DOSY 

experiments, the signal envelope was attenuated by increasing the gradient 

strength: from 2% to 98% in 16 (1H and 31P) or 8 steps (19F). According to the 

StejskalïTanner relationship [158], modified as appropriate for the employed 

DOSY experiment [234], the observed signal decay as a function of gradient 

strength is exponentially related to the translational diffusion coefficient (Ὀ ): 

Ὅ Ὅπ ÅØÐ  Ὀ  ς“‎Ὣ‏  Ў  ρπ   (2.2) 
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where I is the observed signal intensity, I(0) is the unattenuated signal intensity, 

ɾ is the gyromagnetic ratio (4257.6 Hz/G for 1H, 1723.56 Hz/G for 31P, 4005.93 

Hz/G for 19F), g is the gradient strength (maximum amplitude 50 G/cm), ‏ is the 

gradient pulse length (2 ï 8 ms for 1H, 3.5 ï 8 ms for 31P and 4 ï 4.6 ms for 19F), 

and Ў is the diffusion time (30 ï 150 ms for 1H, 50 ï 400 ms for 31P and 50 ï 300 

ms for 19F), with ‏ and Ў optimized for a given sample (Table 2.1). 

Ὀ  under a given condition was thus determined through fitting to eq. 2.2 

using the observed ratios of ὍȾὍπ as a function of g using Dynamics Center 

2.8.3 (Bruker). A given observed diffusion coefficient (Ὀ ) was assumed to 

arise from the following linear combination: 

Ὀ  Ὀ  z  Ὂ  Ὀ   Ὂ       (2.3) 

where Ὀ  zis the viscosity adjusted diffusion coefficient of the free peptide, 

Ὀ  the diffusion coefficient of the bound peptide, and Ὂ  and Ὂ  are 

the proportions of peptide that are free and bound, respectively (i.e., 

Ὂ  Ὂ  1). This provides an estimate of the percent of peptide bound in 

a given condition: 

Ϸ   ᶻ

   ᶻ
  ρππϷ    (2.4) 
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Table was noted by nucleus type, with acquisition parameters detailed in 

Table 2.1. Diffusion coefficients as determined by DOSY  
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box to right. (Reproduced from PhӴm et al. [228]) 

 

  



 56 

Ὀ  zwas extrapolated from the diffusion coefficient of the 

corresponding free peptide in buffer Ὀ   ), with the change in 

viscosity given by the observed diffusion coefficient of semi-heavy water 

(hydrogen deuterium oxide, HOD; Dc = 21.3×10-10 m2/s in the absence of bicelles, 

consistent with expectations for a mixed H2O/D2O solvent system at 37 °C [235]): 

Ὀ  z  Ὀ        

    
    (2.5) 

The measured diffusion coefficient of the bicelle in a given condition was used as 

Ὀ , under the assumption that there is not a significant difference between 

free bicelle and peptide-bound bicelle diffusion. The absolute uncertainties of the 

percentage of peptides bound to bicelles were calculated by error propagation 

(demontrated in Table 2.2). Statistical comparison between conditions was carried 

out using a pooled t-test (Excel, Microsoft). 

2.3.7. Saturation Transfer Difference (STD) NMR experiments 

1H-STD experiments employed a train of 50 ms Gaussian selective pulses 

separated by 1 ms delays and followed by WET water suppression and detection 

(Bruker pulse program ñstddiffesgpò, 32 scans, 6 s recycle delay, 16.0 ppm spectral 

width, 4.70 ppm spectral center point, 2 s acquisition time with 32,768 acquired 

points; Fourier transformed with zero filling to 32,768 points real points and with 

line-broadening of 0.3 Hz) [146, 236]. {1H}19F-STD experiments were carried out 

using 1H irradiation during saturation with 19F observation (Bruker pulse program 

ñstddiffò, 1024 scans, 2.7 s recycle delay, 100.2 ppm spectral width with 19F 

channel offset in the range of -62 to -64 ppm for Tfp-containing samples, 
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 Parameters used in calculation of percentage of Ap17 and analogues 

bound to bicelles in each condition following equations 2.3-5. Absolute 

uncertainties for % bound (eFbound) were determined through error propagationa. 

(Reproduced from PhӴm et al. [228]) 

a Evaluation of error for reported binding parameters: 

 

Table 2.2. Parameters used in calculation of percentage of Ap17 and 

analogues bound to bicelles  
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0.35 s acquisition time with 32,768 acquired points; Fourier transformed with zero 

filling to 32,768 points real points and with line-broadening of 0.3 Hz). 1H 

irradiation times were arrayed from 0.25ï2.5 s. For the {1H}19F-STD, correct 

experimental configuration was confirmed using diflunisal (2.5 mM; Sigma-

Aldrich) and bovine serum albumin (BSA; 0.05 mM; Roche Diagnostics) prepared 

with 1 mM NaN3 and 1 mM DSS in D2O [227]. In this instance, a difference 

spectrum was acquired for saturation at an ñon-resonanceò 1H frequency of 0.6 

ppm and an ñoff-resonanceò frequency of ī25 ppm, with a clear STD signal 

observed (Fig. 2.2). For peptide-bicelle samples, data were acquired in an 

interleaved manner, with the on-resonance saturation frequency alternated 

between resonance(s) being saturated and an off-resonance frequency of ī25 

ppm, with the following resonances saturated: N(CH3)3 (3.25 ppm), glycerol 

(4.03), acyl chain CH2 (1.29 ppm) for DMPC and DMPG [237]; and, headgroup 

glycerol (3.83 ppm) for DMPG [238, 239]. Gaussian pulses were applied with a 

radio-frequency field strength of 145 Hz (1H-STD) or 120 Hz ({1H}19F-STD) and 

saturation times were varied from 0.25-5 s. STD in the aromatic and amide 

proton region (~6-8 ppm) was evaluated to avoid lipid resonance overlap, while 

STD to hydrocarbon chain protons was evaluated to assess for lipid inter- or 

intramolecular saturation. For each saturation frequency, following Fourier 

transformation, the off-resonance spectrum (i.e., saturation at -25 ppm) was 

subtracted from the on-resonance spectrum to generate the difference spectrum 

using TopSpin 4.1.  
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Figure 2. 2. {1H}19F STD spectrum for control sample.  

{1H}19F STD spectrum for control sample (0.05 mM bovine serum albumin 

(BSA) and 2.5 mM diflunisal) in D2O, following prior protocols [227] before bicellar 

{1H}19F STD experiments(Reproduced from PhӴm et al. [228]). 
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2.4. Results and Discussion  

2.4.1 Optimization of 19F-labelling strategy 

We first tested two different unnatural 19F-containing amino acids as labels 

of Ap17: 2,4,5-trifluorophenylalanine (F*) and 4-trifluoromethylphenylalanine 

(Tfp). These were each incorporated at three distinct positions selected to 

provide 19F probes that span the length of Ap17 one in the basic residue-rich N-

terminal region, one proximal to the relatively structured [45] and micelle-

interactive [73] ñRPRLò motif, and at the C-terminal Phe likely to be involved in 

AR activation through penetration into the transmembrane helical bundle [56]. It 

should also be noted that the C-terminal Phe has been extensively evaluated 

through medicinal chemistry efforts (e.g., [41, 84]), exhibits unusual optical 

spectroscopy behaviour in buffer indicative of restricted motion [45], and is in a 

short segment that becomes highly structured when Ap17 binds to anionic 

micelles [73]. 

Experiments were carried out in buffer and in two isotropic bicelle 

conditions amenable to solution-state NMR spectroscopy [109, 240], one with 

strictly PC headgroups (ñPC bicellesò of DMPC:DHPC 1:2, q = 0.5) and one with 

mixed PC/PG headgroups (ñPC/PG bicellesò of DMPC:DMPG:DHPC 4:1:10, q = 

0.5) with DMPG providing net negative charge on the bilayer surface. The latter 

condition was chosen both to provide a better mimic of physiological membranes 

than PC bicelles [111, 241] and also to provide a direct comparison between 

neutrally charged/zwitterionic bilayer surfaces and those with a net negative 
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charge. It should be noted that DMPG was specifically chosen despite the 

association of PG headgroups with prokaryotic membranes over the more 

prevalent phosphatidylserine (PS) lipids found in eukaryotic membranes due to 

the better match in lipid liquid crystalline phase transition temperatures between 

DMPC and DMPG relative to DMPS [111, 241]. 

Initially, a series of four Ap17 analogues was designed and synthesized 

with the following substitutions: Phe2F*; Leu9F*; Phe17F*; and Phe2Tfp-

Phe17F*. These were based on consideration of previous bioactive Ap17 

analogues [41, 84]. Regardless of substitution position, the 19F NMR behaviour of 

the three 19F nuclei of F* follows our previous observations [169], with the 19F 

nuclei at the 2-position observed at ~ -119 ppm, the 4-position at ~ -137 ppm, 

and the 5-position at ~ -145 ppm (Fig. 2.3.A). The trifluoromethyl group of Tfp 

was quite deshielded, at ~ -63.3 ppm (Fig. 2.3.A). No major chemical shift 

perturbation or line-broadening was observed for any of the F* or Tfp resonances 

for either bicelle relative to buffer, although the Tfp resonance exhibited 

increased shielding from buffer to PC bicelles to PC/PG bicelles (i.e., ŭbuffer < ŭPC 

bicelles < ŭPC/PG bicelles). 
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(A) 1D 19F NMR spectra of four initial 19F-containing Ap17 analogues 

(Phe2F*, Leu9F*, Phe17F* and Phe2Tfp-Phe17F*), with F* peaks annotated 

following previous assignments [169]. (B) Average diffusion coefficient (Dc) of each 

Ap17 analogue using 19F-DOSY vs. Ap17 using 1H-DOSY to compare 

effectiveness of the two 19F-probes for diffusion measurements [217]. (C) 19F STD 

NMR spectrum of Phe2Tfp-Phe17F* apelin analogue demonstrating the 

A 

Figure 2. 3. 1D 19F NMR, DOSY and { 1H}19F STD NMR spectra of initial Ap17 

analogues.  
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contrasting signal:noise ratios for F* (low s/n) and Tfp (high s/n) (Reproduced from 

PhӴm et al. [228]).  
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Although the F* resonances were readily observable in 1D 19F NMR 

experiments, in 19F DOSY (Fig. 2.3.B) and {1H}19F STD (Fig. 2.3.C) it was 

particularly apparent that F* exhibited a substantially lower signal/noise (s/n) ratio 

than Tfp (~28 for F* resonances vs. ~89 for Tfp in the Phe2Tfp-Phe17F* 

analogue). This is consistent with the fact that the Tfp-probe contains 3 

chemically equivalent fluorine nuclei which experience fast methyl rotation, 

leading to line-narrowing through averaging of the chemical shift anisotropy 

(CSA; [242]), while the F*-probe contains 3 chemically distinct fluorine nuclei with 

higher CSA [243]. With F*, loss of s/n is also exacerbated by the necessity to 

offset the transmitter frequency relative to one or more of the 19F resonances.  

 Hence, although we had hoped that the F*-probe would be beneficial from 

the standpoint of its three distinct chemical shifts reflective of different positions 

on the Phe ([169] and Fig. 2.3.A), both the 19F DOSY and {1H}19F STD are 

relatively ñdemandingò experiments in terms of sensitivity as both rely on the 

ability to observe and distinguish signals under conditions of attenuation. The 

clear improvement in the ability to both quantify Dc by 19F DOSY (Fig. 2.3.B) and 

to observe {1H}19F STD signals (Fig. 2.3.C) for Tfp vs. for F* thus led us to 

proceed with strictly Tfp-based analogues for in-depth functional and biophysical 

studies. Hence, a set of three Ap17 analogues with Tfp incorporated at positions 

2 (Phe2Tfp), 9 (Leu9Tfp) and 17 (Phe17Tfp) were designed and produced. 
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2.4.2 Comparison of membrane-induced secondary structural changes for apelin 

and Tfp-containing analogues 

 To compare the membrane-interactive behaviour of the Tfp-containing 

analogues to unlabelled Ap17, secondary structure changes upon interaction 

with PC and PC/PG bicelles were assessed by far-UV CD spectropolarimetry 

(Fig. 2.4). In prior studies, apelin isoforms including Ap17 have been shown to 

undergo a conformational change upon binding to anionic micelles, with some 

degree of conversion from random coil to a-helical character [73, 244]. 

Conversely, relatively minimal conformational changes were noted in the 

presence of neutral/zwitterionic micelles for any of the tested apelin isoforms 

[244]. Ap17 and each of the three Tfp-containing analogues exhibited changes in 

their far-UV CD spectra indicative of a similar conformational changes for all 

peptides, with differences in conformation clear for PC vs. PC/PG bicelles (Fig. 

2.4). A negative band at ~205 nm is apparent in both bicellar conditions for all 

peptides, with a positive band at ~220 nm in buffer that is attenuated in both 

bicellar conditions and a negative band below ~200 nm in buffer that appears 

convoluted with a positive band in both bicellar conditions. It should be noted that 

the positive band at ~220 nm is likely not due to peptide backbone configuration, 

with prior demonstration that this is attributable to dynamic restriction at the C-

terminal Phe [45]. Collectively, these data are consistent with some degree of a-

helical structure in both bicellar conditions, with similar trends in conformational 

changes being observed for all three analogues relative to Ap17. Given the 

observed convolution of this spectral region by Phe [45], it is not possible to  
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Figure 2. 4. Far-UV CD spectra for Ap17 and its analogues in different 

conditions.  

(A) Overlaid far-UV CD spectra for Ap17 in buffer (ñAp17ò), PC bicelles, and 

PC/PG bicelles. (B-D) Overlaid far-UV CD spectra for indicated Ap17 analogue 

and Ap17: (B) ï in buffer, (C) ï PC bicelles and (D) ï PC/PG bicelles. Each was 

acquired at ~400 mM peptide concentration in 20 mM phosphate buffer (pH 7.0), 

37 °C with sliding window weighted averages of blank subtracted triplicates shown. 

Key bands are indicated by red arrows in (A) (Reproduced from PhӴm et al. [228]).  
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strictly associate changes in spectral shape with secondary structuring as each 

analogue has a different composition with respect to Phe and/or Tfp residues. 

2.4.3 Evaluation of Tfp-containing apelin analogue bioactivity  

 AR activation by apelin is expected to induce ERK1/2 phosphorylation[88]. 

Using a stably AR-transfected HEK 293A cell line [75], ERK1/2 phosphorylation 

was evaluated using western blotting with established [75, 104] apelin analogue 

treatment conditions (Fig. 2.5). We observed a statistically significant difference 

in ERK1/2 phosphorylation between the negative control, Ap17, and all three Tfp-

containing Ap17 analogues. Conversely, all Ap17 analogues exhibited similar 

levels of ERK1/2 phosphorylation to Ap17 (Fig. 2.5). Although we have not 

carried out detailed pharmacokinetic studies, all Tfp-containing Ap17 analogues 

are thus bioactive. 

2.4.4 NMR spectroscopic behaviour of Tfp-containing apelin analogues 

We compared 1D 1H NMR (Fig. 2.6.A) and 31P NMR (Fig. 2.6.B) spectra 

between Ap17 and each of the Ap17 analogues in buffer and in both bicelle types 

to assess both comparability between samples with respect to peptide and 

bicelle conformation and state. The 1H NMR spectra of Ap17 and of each apelin 

analogue were generally comparable in linewidth between buffer and in each 

bicelle, with some variation in peak dispersion and resonances observed for a 

given peptide between conditions. Bicelle integrity was validated using 31P NMR   
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Figure 2. 5. Western blot analysis of phosphorylation of ERK1/2 for Ap17 

and its analogues.  

Western blot analysis of phosphorylation of ERK1/2 (MW: 43 kDa) in stably-

AR-transfected HEK293 cell line upon treatment with DMEM media without agonist 

((-) control), with Ap17, or with indicated analogue, shown for a representative 

experiment in (A) and plotted for all replicates (mean with error bar of standard 

deviation for three independent replicates) in (B). (* : statistically significant (p-

value < 0.05), ns : not significant; comparison carried out using Welchôs ANOVA 

test) (Reproduced from PhӴm et al. [228]). 
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Figure 2. 6. 1D 1H and 31P NMR spectra of Ap17 and its analogues.  

1D (A) 1H (amide/aromatic region) and (B) 31P NMR spectra of Ap17 and 

indicated Tfp-containing analogues (Reproduced from PhӴm et al. [228]). 
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spectroscopy, with the expected [219] single PC-based resonance observed in 

all of the PC bicelle samples and a relatively shielded PC with relatively 

deshielded PG resonances at a 14:1 ratio of peak area observed in all of the 

PC/PG bicelle samples (Fig. 2.6.B). The isotropic nature of the bicelles is 

apparent from the single PC peak, and the lack of a noticeable 31P chemical shift 

perturbation in mixed peptide-bicelle samples is consistent with our prior studies 

[219]. In the present study, an ~1:375 peptide:lipid molar stoichiometry was used, 

whereby even a strong/long-lived peptide-bicelle interaction would only have 

potential to influence the 31P chemical shift for a small (i.e., likely undetectable) 

fraction of the lipids present. 

With 19F NMR, the Tfp groups exhibited similar chemical shifts in the 

range of -63.0 to -63.4 ppm regardless of substitution site, with a slight increase 

in shielding (i.e., lower chemical shift) typically observed from buffer to PC 

bicelles to PC/PG bicelles for each analogue (Fig. 2.7.A and Table 2.3). 

Phe17Tfp exhibited more complex behaviour than the other two analogues, with 

four resonances in slow exchange in buffer resolvable by peak deconvolution 

(Fig. 2.8 and Table 2.3). These became less distinct and more overlapped in 

bicelles, with three resonances apparent upon deconvolution in PC bicelles vs. 

four in PC/PG bicelles (Fig. 2.8 and Table 2.3). Phe17Trp is in close proximity to 

a pair of Pro residues (Pro14 and Pro16), with a likelihood that cis and trans 

isomerization at each of these Pro peptide bonds is giving rise to different 

conformations observed in slow exchange. This is consistent with prior studies of 

Ap17, where the C-terminal GPMPF motif of the peptide was observed to sample  
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Figure 2. 7. 1D 19F-NMR spectra and DOSY -NMR analysis of Ap17 and 

analogues.  

(A) 1D 19F NMR spectra of indicated Ap17 analogue in indicated condition. 

(B) Schematic of 19F diffusion ordered NMR spectroscopy (DOSY), where 

increasing pulsed field gradient strength (g) is applied to attenuate signal as a 

function diffusion rate (e.g., faster diffusing free species: green sphere, slower 

diffusing bicelle-bound species: blue sphere). (Created with BioRender.com.) (C) 

DOSY-inferred proportion bound for given peptide (19F DOSY for analogues, 1H 

DOSY for Ap17) to given bicelle type (error bars based upon error propagation). 

No significant differences were detected by t test between peptides or for a given 

peptide in different bicelle conditions(Reproduced from PhӴm et al. [228]).  
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Deconvolution of F17Tfp 1D 19F-NMR spectra in indicated condition using 

the ñmldconò algorithm in TopSpin 4.3 [233]. Left column: raw data in blue and 

reconstruction in red; right column: component peaks, as detailed in Table 2.3. 

(Reproduced from PhӴm et al. [228]).  

Figure 2. 8. Deconvolution of F17Tfp 1D 19F-NMR spectra in indicated 

condition.  
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Table 2.3. 19F chemical shift (ŭ) and linewidth at half-height (ȹɜ) observed 

for Ap17 analogues.  

19F chemical shift (ŭ) and linewidth at half-height (ȹɜ) observed for Ap17 

analogue with Tfp group at noted position in indicated conditions (Reproduced 

from PhӴm et al. [228]). 

a Phe17Tfp values are reported for the most intense resonance component 

observed by deconvolution (Fig. 2.8 and Table 2.3). 

 

  

 Buffer  PC Bicelles  PC/PG Bicelles  

Tfp  

position  

19F ŭ  

(ppm)  

19F ȹɜ 

(Hz) 

19F ŭ  

(ppm)  

19F ȹɜ  

(Hz) 

19F ŭ  

(ppm)  

19F ȹɜ 

(Hz) 

2 -63.13 2.9 -63.22 3.6 -63.29 4.2 

9 -63.18 4.2 -63.28 4.3 -63.35 10.9 

17a -63.01 3.0 -63.18 2.9 -63.16 6.4 
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substantial proportions of cis configuration at both Pro14 and Pro16, especially at 

low temperature [45]. Slight shoulders at lower and higher chemical shift, 

respectively, are also apparent for Leu9Tfp in PC and PC/PG bicelles. Whether 

this arises from changes in cis/trans equilibrium at the nearby Pro7 or for another 

reason is unclear, as there is not a precedent of observation of a substantial cis 

population at this residue in prior studies. 

Although the chemical shifts for the Tfp groups are generally very similar 

regardless of site and conditions, the 19F linewidths are typically broadened in the 

presence of bicelles (Table 2.3). This behaviour depends upon substitution site. 

Namely, Phe2Tfp is slightly broadened in the presence of either bicelle type, 

Leu9Tfp is ~unchanged with PC bicelles but substantially broadened with PC/PG 

bicelles, and the most intense component of the convoluted Phe17Tfp peak is 

~unchanged in linewidth with PC bicelles but substantially broadened with 

PC/PG bicelles. The differences in line-broadening trends observed between 

samples imply that this is not simply a result of changes in sample viscosity 

between buffer and bicelles, and instead is reflective of differences in bicellar 

interaction both as a function of bicelle composition and as a function of Tfp 

positioning within the analogue. Each of these phenomena were then 

investigated in more depth through pulsed field gradient diffusion NMR 

spectroscopy and {1H}19F STD NMR, respectively. 
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2.4.5 Comparative evaluation of bicelle binding by Tfp-containing analogues 

Using 19F pulsed field gradient-based DOSY (schematic outline of 

experiment: Fig. 2.7.B), the decrease in 19F signal intensity as a function of 

increasing magnetic field gradient strength over a fixed diffusion period was used 

to determine Dc for each Ap17 analogue (Phe2Tfp, Leu9Tfp and Phe17Tfp) in 

phosphate buffer, in PC bicelles, and in PC/PG bicelles (Table 2.1, with 

examples of fits in Fig. 2.9). 1H DOSY was applied to compare the behaviour of 

Ap17 to those of each analogue (Table 2.1). The Dc of HOD in each sample was 

used to compensate for any changes in viscosity, and the observed viscosity-

scaled peptide Dc was used to infer a proportion of peptide bound to bicelle 

under a given condition (Fig. 2.7.C and Table 2.2). This was based on 

assumptions that (1) a free peptide will diffuse in the same manner (scaled by 

viscosity) in a bicelle sample as it will in buffer and that (2) a bicelle-peptide 

complex will diffuse in a manner unchanged from a free bicelle. These 

assumptions provide estimates of Dc of both free (fast-diffusing) and bound 

(slow-diffusing) peptide that are applied in a linear combination to determine the 

proportion bound that corresponds to a given observed (intermediate diffusion 

rate) peptide diffusion coefficient. Ap17 and each analogue exhibited binding to 

both bicelle types, with a trend of increased binding observed for each peptide 

from PC to PC/PG bicelles. This observation implies that electrostatic 

interactions are not the sole contributor to apelin-bicelle interactions; however, 

favourable cationic (apelin)-anionic (PG) interactions appear to enhance binding. 
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 Examples of fits of pulsed field gradient diffusion NMR data to determine 

diffusion coefficients (Dc) of a given peptide under given conditions. Data are 

shown for Phe2Tfp in PC bicelles, where the data/fits are: Dc,obs from 19F-DOSY 

for Phe2Tfp in PC bicelles; Dc,free from 19F-DOSY for Phe2Tfp in buffer; and, 

Dc,bound from 31P-DOSY of PC bicelles in the mixed peptide-bicelle sample 

(Reproduced from PhӴm et al. [228]). 

  

Figure 2. 9. Examples of fits of DOSY -NMR data.  
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It should be noted, however, that the difference in PC/PG relative to PC bicelle 

binding was not statistically significant for Ap17 or for any of the analogues due 

to the magnitude of error inherent in the multi-step process required to estimate 

the bicelle-bound proportion of peptide in a given condition. 

The DOSY-derived data also allow us to further evaluate the additional 

resonances observed for Phe17Tfp and the shoulder in Leu9Tfp in PC/PG 

bicelles (Fig. 2.7.A). Namely, these additional resonances could conceivably be 

due to free and bound peptide species in slow exchange. However, the 

observation of multiple resonances in slow exchange for Phe17Tfp in buffer and 

the lack of heterogeneity in diffusion behaviour observed in 19F DOSY analysis 

(i.e., with only one Dc being apparent (Table 2.2)) imply that fast exchange 

between free and bound states is being observed in all instances and that the 

additional resonance(s) arise from another phenomenon such as cis/trans 

isomerization at Pro peptide bonds. 

2.4.6. Localization of binding along apelin by {1H}19F STD NMR 

 Building on prior {1H}19F STD NMR experiments for the evaluation of 

protein-ligand binding [227] and the demonstration of the suitability of 1H STD 

NMR as a probe of small molecule binding to isotropic bicelles [236], we 

developed protocols to evaluate 19F-labelled peptide binding to bicelles by 

{1H}19F-STD NMR (Fig. 2.10.A).  
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 (A) Outline of {1H}19F saturation transfer difference (STD) protocol. Two 

conditions are applied: ñoffò resonance, where 1H is saturated at a frequency 

outside of the observed 1H chemical shift range, and ñonò resonance where 

saturation is at a chemical shift corresponding to a bicelle 1H (1.29, 4.03, 3.25 

and 3.83 ppm). The 19F spectrum is observed following transfer of magnetization 

from 1H to 19F, with the difference between the ñonò and ñoffò resonance spectra 

(i.e., the STD spectrum) providing signal for 19F nuclei interacting with the bicelle. 

(B) {1H}19F STD spectra (5 s saturation period) for each Ap17 analogue in 

indicated bicelle condition, with ñonò resonance 1H saturation at noted frequency. 

Schematics and diagrams were created with Biorender.com (Reproduced from 

PhӴm et al. [228]). 

  

Figure 2. 10. {1H}19F-STD schematic diagram and spectra.  
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To ensure that saturation transfer arose from the bicelle, rather than from 

direct peptide irradiation, control experiments were carried out using the same 

experimental parameters in the absence of bicelles. In these instances, no 

signals were observed for any of the Tfp-labelled analogues (Fig. 2.11) implying 

that any 1H saturation-derived signal arises from saturation of the bicelle and 

transfer to the peptide. 

Saturation was applied at four distinct lipid-based chemical shifts (three 

DMPC and DMPG resonances: 1.29, 4.03, 3.25 ppm; and, one resonance 

unique to DMPG: 3.83 ppm; Fig. 2.10.A). A strong STD response was observed 

for the Phe2Tfp site in PC/PG bicelles and a weak response in PC bicelles, while 

the Leu9Tfp site showed a stronger response in PC bicelles and a weak 

response in PC/PG bicelles (Fig. 2.10.B). Conversely, the Phe17Tfp site 

demonstrated minimal interaction with either bicelle. It is important to note that at 

a short saturation time of 0.25 s, no appreciable STD response was observed for 

any of the analogues in any condition (Fig. 2.12). This is consistent with the  

expectation of buildup of saturation over time [61], noting that the relatively 

lengthy experiemnts required to detect {1H}19F STD meant that we did not pursue 

extensive buildup curve evaluation and instead focused on comparison between 

analogues and bicelle conditions using long saturation times. 
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Figure 2. 11. {1H}19F-STD NMR spectra of control samples.  

{1H}19F-STD NMR spectra (5 s saturation time) of control samples of peptides 

prepared in phosphate buffer without bicelles (Reproduced from PhӴm et al. [228]). 
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{1H}19F STD NMR spectra of indicated Ap17 analogue in PC and PC/PG bicelle 

conditions at saturation time of 0.25 s (Reproduced from PhӴm et al. [228]). 

 

 

  

Figure 2. 12. {1H}19F STD NMR spectra at saturation time of 0.25 s . 
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In prior micelle binding studies [73], the RPRL motif which ends at Leu9 

was highly structured and relatively protected from aqueous solvent when Ap17 

bound to anionic micelles. The N-terminal region of Ap17 (including Phe2) was 

also quite solvent-protected, but did not become highly structured. Conversely, 

Phe17 was in a highly structured segment but remained unprotected from the 

aqueous solvent. The {1H}19F STD data are consistent, then, with both Phe2Tfp 

and Leu9Tfp being involved in membrane binding while Phe17Tfp is not. The 

present methodology allows us to evaluate this in the more physiological context 

of bicelles and to demonstrate this localization of binding propensity at the N-

terminal and middle regions of Ap17 in both zwitterionic/neutral bicelles and in 

mixed zwitterionic/anionic bicelles, whereas prior 1H NMR-based studies with 

micelles were limited to the case of anionic micelles where the proportion of 

Ap17 bound was estimated to be between 82% (sodium dodecyl sulfate micelles) 

and 98% (lyso-palmitoylphosphatidylglycerol micelles). The {1H}19F STD 

experiment coupled with optimized 19F-labelling methods allows us to be much 

more sensitive with respect to evaluation of interactions when this involves a 

much smaller proportion of peptides. 

Notably, saturation transfer following irradiation at 1.29 ppm (corresponding 

to the methylenes of the lipid tail group) to any of the analogues exhibited the 

highest saturation transfer relative to any of the other excitation regions (Fig. 

2.10.B). This could be taken to imply proximity of the 19F-label to the hydrophobic 

core of the bicelle but could also arise from intra-bicelle 1H-1H spin-diffusion prior 

to the transfer to the 19F spin during the saturation period. To test for this, we 
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carried out 1H-STD NMR in both PC and PC/PG bicelles using the same four 

irradiation frequencies, with irradiation at 1.29 ppm being observed to give rise to 

the highest degree of apparent saturation transfer (Fig. 2.13). This implies that spin 

diffusion is indeed taking place in the bicelle saturation process, particularly at 1.29 

ppm, with the observed {1H}19F STD signal intensities following irradiation at 1.29 

ppm thus not being indicative of fatty acyl chains being in direct proximity to the 

19F-label. We, thus, consider the position of the 19F-label on the peptide to be 

informative but expect that the 1H frequency employed is not highly position-

sensitive with respect to the region of the bicelle with which the peptide is 

interacting due to the clear propensity for spin diffusion in this supramolecular 

assembly. 

2.4.7. Proposed membrane-catalyzed mechanism for apelin recognition by AR 

 In combination, 19F NMR demonstrates that each of the bioactive Tfp-

containing apelin analogues binds to both PC bicelles and PC/PG bicelles, with 

relatively similar (within experimental error) proportions being bound in each 

case. It should be noted, however, that there may be differences in binding as a 

function of membrane composition that were not statistically detectable with error 

propagated through the multiple steps required to determine binding proportion. 

Differences in Tfp 19F linewidth are, thus, not strictly due to a population-weighted 

combination of broader (bound) species vs. narrower (free) peptides. Instead, 

this likely reflects both upon differences in binding equilibria and upon differences 

in Tfp-group local dynamics.  
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1H STD NMR spectra of samples containing only PC and PC/PG bicelles to 

evaluate saturation transfer within and/or between bicelle phospholipids due to 

excitation at indicated on-resonance frequencies (Reproduced from PhӴm et al. 

[228]). 

  

Figure 2. 13. 1H STD NMR spectra of samples containing only PC and PC/PG 

bicelles.  
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 With Ap17, for example, the C-terminal Phe17 residue was shown to be 

substantially structured and conformationally restricted upon binding to anionic 

micelles [73], consistent with the broadening observed for Phe17Tfp in PC/PG 

bicelles. The RPRL motif which end at Leu9 also directly interacts with anionic 

micelles [73], again consistent with the observation of substantial line-broadening 

of Leu9Tfp in PC/PG bicelles. The similarities of linewidth for all other situations 

imply that the Tfp group itself is still likely quite dynamic even in the context of 

peptide-bicelle binding. This is distinguished from the {1H}19F STD experiments, 

whereby interactions may be inferred without directly evaluating changes in Tfp 

sidechain. 

We have previously hypothesized [49] a mechanism for apelin recognition 

by the AR that involves both membrane catalysis [132] and the concept of ñfly-

castingò [245] (Fig. 2.14). The present study provides the first direct experimental 

evidence for this mechanism coupling membrane catalysis with fly-casting. 

Namely, all of the bioactive apelin isoforms and analogues examined to date 

(both herein and in [73, 219, 244]) exhibit a propensity to interact with micelles 

and/or model membranes. In all instances, this appears to be an interaction that 

occurs under conditions of fast exchange on the NMR timescale. This is 

indicative of a weak binding affinity (e.g., [246]) which would, in turn, facilitate 

peptide ligand diffusion in search of its cognate receptor. This interaction appears 

to be enhanced through electrostatics, involving the clusters of positively-charged 

residues in both the N-terminal region and the RPRL motif in the middle of Ap17.  
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Figure 2. 14. Proposed receptor binding mechanism for apelin peptides.  

Proposed receptor binding mechanism for apelin peptides. First, through 

membrane catalysis[132], apelin peptides bind to the cell membrane (A), a process 

facilitated by cationic residue-rich segments. Peptide-membrane binding is 

relatively low in affinity, allowing for rapid ~2D peptide diffusion at the membrane. 

The C-terminal end of apelin - which becomes structured when micelle-bound [73] 

- is not membrane associated, allowing it to perform a fly-casting [245] search for 

the receptor (B). Following encounter of and recognition by the cognate G-protein 
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coupled receptor (C), the C-terminal end of the peptide penetrates into the helical 

core of the AR (D) to activate downstream signaling (Figure created with 

Biorender.com.) (Reproduced from PhӴm et al. [228]). 
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As a result of this N-terminal and mid-peptide-length membrane 

interaction of Ap17 (or 17-residue apelin analogues), the C-terminal region of the 

peptide which has been shown to be conformationally restricted but not 

membrane-associated when Ap17 is bound to anionic micelles [73] would be 

localized near the membrane but free to search for the receptor. The C-terminal 

region of the apelin peptide would thus be able to dynamically ñlungeò and search 

its surrounding environment for AR, following the fly-casting mechanism [245]. 

Given that both the cationic cluster of residues at the RPRL motif and the 

C-terminal region of apelin are consistently retained [49] throughout apelin 

processing from the 77-residue preprotein through to the bioactive 55-, 36-, 17- 

and 13-residue isoforms, this membrane-anchored fly-casting mechanism would 

be equally feasible throughout the family of apelin peptides. Such a mechanism 

may also be applicable to other cationic GPCR-binding peptides, including the 

apela family of peptides. Namely, cluster(s) of cationic residues in one region of 

the peptide would serve to loosely anchor the peptide to the cell membrane 

facilitating rapid but membrane-localized 2D diffusion and an intrinsically 

disordered linker would then serve to enable a fly-casting-type receptor search 

by a region of the peptide with a distinct structured and/or chemical composition 

that enables receptor recognition. 

2.5. Conclusions  

The design and evaluation of a series of bioactive Ap17 analogues with 

trifluoromethyl functionality at sites spanning the length of the peptide has 

allowed us to further elucidate membrane-interactive behaviour in the apelinergic 
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system. Each analogue demonstrated highly similar conformational behaviour to 

Ap17 itself and exhibited similar propensities to interact with bicelles composed 

of either net-neutral or net-negative surface properties. These studies relied upon 

19F NMR as a sensitive site-specific probe of peptide behaviour, with (to our 

knowledge) the first demonstration of the suitability of {1H}19F STD techniques for 

characterization of peptide-bicelle interactions. This methodology should be 

readily transferrable to assess other bicellar interactions and should also be 

applicable to studies in the cellular context, given the inherent observation of the 

peptide in its free (and solution-state NMR-amenable) state. Our findings provide 

experimental demonstration that apelin peptides exhibit behaviour in model 

membranes that would enable a membrane-catalyzed fly-casting search for their 

cognate GPCR (Fig. 2.14). This provides new insight for rational apelin-based 

therapeutic design, given distinct regions of the peptide that are required for 

membrane interaction and receptor recognition, and the necessity of sufficient 

separation between these motifs to enable efficient fly-casting. 
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Chapter 3: Development and characterization of a new 

noncovalent 19F-containing NTA-based probe  for protein NMR 

spectroscopy  

This chapter contains the Abstract, Introduction, Materials and Methods, and 

Results and Discussion of a manuscript in preparation. All of the presented 

results and analysis are my own work, with the exception of initial metal-binding 

and imidazole binding experiments that were carried out by honours student 

Jayatee Ray under my mentorship, the draft has been written by me, and all 

figures have been prepared by me; Krisha Swaroop Desireddy, under Stephen L. 

Bearneôs supervision, synthesized and purified the 19F probe molecule; and, Jan 

K. Rainey conceptualized the project and supported me in methodology 

development, worked with me in data analysis and acquisition, acquired funding, 

and reviewed and edited the manuscript. 

 

3.1. Abstract  

This work explores the development and application of a novel 

noncovalent 19F-NMR probe designed to bind to His-tagged proteins via a metal-

chelated interaction. Such a probe offers advantages over traditional covalent 

labeling methods, including potential applications in on-cell NMR and for 

biophysical study of proteins with reduced interference with protein function. The 

probe, consisting of a trifluoromethyl group for 19F-NMR detection and a 

nitrilotriacetic acid (NTA) group for metal ion chelation, was synthesized and its 
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metal, peptide, and protein binding properties and suitability for application were 

characterized using 19F and 1H NMR spectroscopy. Metal binding studies 

demonstrated specific interactions with Ni2+, Co2+, and Zn2+ ions, evidenced by 

distinct chemical shifts in the 19F-NMR spectra. Further investigation with 

imidazole to mimic histidine residues confirmed the probe's suitability to bind to 

His-tagged proteins. Application of the probe to His-tagged SUMO protease and 

to biotinylated peptides both in unbound form and complexed with avidin showed 

varying degrees of probe-His-tag binding, elucidated through 19F-DOSY 

experiments. This study establishes a versatile approach for noncovalent 19F-

labeling in protein NMR spectroscopy, offering insights into protein-protein 

interactions and potential future applications in structural biology and drug 

discovery. 

 

3.2. Introduction  

To advance our understanding of highly dynamic peptides, proteins and 

their intermolecular interactions, as previously detailed in section 1.6, we and 

others have developed 19F-NMR methods to characterize interactions between 

peptides and proteins. Taking advantage of the benefits of 19F-NMR as outlined 

in section 1.6, we then turned to different 19F-labelling approaches for NMR 

applications. Conventionally, 19F-labels have typically been introduced via 

covalent modifications through the following methods: biosynthetic introduction of 

specific fluorinated amino acids in endogenous protein synthesis system [171, 

183]; site-directed labelling using tRNA/aminoacyl-tRNA synthetase pairs [184-
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187]; and, post-translational covalent modification using chemical and/or 

enzymatic reactions [188-191]. In some situations, these labeling strategies may 

not be feasible, with a non-covalent 19F probe having potential to expand this 

methodology to a wider range of applications. To date, to the best of my 

knowledge, non-covalent probe strategies have not been reported for protein 19F 

NMR.  

With this rationale, we developed and characterized a noncovalent metal-

chelated 19F-probe that would target the commonly used 6³histidine-tag (His-tag) 

for binding. This 19F-probe strategy is anticipated to provide alternative ways to 

noncovalently introduce 19F into a protein and evaluate its behaviour. 

Noncovalent labels, while potentially significantly less stable than covalent labels, 

are often advantageous due to faster binding rates and activity in optimal 

physiological pH conditions in comparison to other strategies as has been shown 

in fluorophore labelling literature [192, 193]. It is also important to note that 

noncovalent labels reduce the potential for difficulties arising in the purification of 

labelled proteins. Furthermore, noncovalent probes are less likely to impede the 

physiological functionality of the protein of interest, especially in protein-protein 

interactions [194]. 

Despite the noted advantages of noncovalent labels in the literature, this 

strategy does not seem to have been applied yet for noncovalent 19F-labelling. 

The probe that I am introducing here takes advantage of a well-known high 

binding affinity interaction that has been streamlined and extensively used in 

recombinant protein expression and purification, i.e., the NTA-Ni2+-His-tagged 
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protein interaction [195, 247, 248]. There have been a variety of applications of 

Ni2+-chelated probes introduced previously in the literature [249-251], ranging 

from fluorescence imaging, to functional analysis of cellular proteins, to site-

directed covalent labelling. However, to my knowledge, no one has explored 

using a noncovalent fluorinated probe molecule to label and study protein-protein 

interactions using NMR.  

Hence, the design and demonstration of the utility of a noncovalent 19F 

probe for protein NMR spectroscopy could provide a versatile new strategy to 

characterize a wide variety of systems. I envision that a strategy of this nature 

could be especially valuable for situations such as on-cell NMR, where 

expression of the labelled protein of interest can be labour-intensive [150] and a 

system where His-tagged conjugated protein design system is commonly 

streamlined in the research flow [252]. In this chapter, I present my work in 

developing and characterizing a synthetic 19F-probe that can non-covalently bind 

to proteins of interest via a well-studied metal-chelated high-affinity binding [253, 

254] between the nitrilotriacetic acid (NTA) group on 19F-probe and His-tagged 

proteins.  

3.3. Materials and Methods  

The 19F-NTA-probe (Figure 3.1) was designed in the Rainey lab, with a 

trifluoromethyl-group acting as a 19F-probe and nitrilotriacetic acid (NTA) acting 

as a metal-chelation noncovalent binding site flanked by a carbon chain linker, 

and synthesized and purified by Dr. Krishna Swaroop Desireddy from the Bearne  
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(A) The chemical structure of 19F-NTA-probe was composed of: trifluoromethyl 

Figure 3. 1. 19F-NTA-probe and its binding action schematic diagram.  
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group for 19F-NMR detection, NTA group for Ni2+-His noncovalent binding and a 

linker that connected both groups together. (B) Schematic diagram of how the 

probe would covalently bind to a His-tagged protein of interest with Ni2+ chelation 

at physiological pH. 
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lab. It was provided as a lyophilized powder, used without further purification or 

treatment. 

3.3.1. Characterization of 19F-NTA-probe binding to metal ions 

We first examined a series of divalent metal cations (Ni2+, Co2+, Zn2+, Fe2+) 

that would have potential [195, 252] to bind to the 19F-NTA-probe. Metal ions 

were titrated into samples and observed by both 1D 1H and 19F NMR 

spectroscopy. NMR samples were prepared in 90% H2O/10% D2O with 20 mM 

potassium phosphate buffer, 0.05 mM 19F-NTA-probe, 1 mM 3-(trimethylsilyl) 

propane-1-sulfonate sodium salt (DSS), and 1 mM sodium azide (NaN3) at pH 

8.00 ± 0.05. The samples were titrated with metal ions Ni2+, Co2+, and Zn2+ at 

molar ratios of: 0.25:1, 0.5:1, 0.75:1, 1:1 and 1.5:1. 19F NMR and 1H NMR 

experiments were collected for samples before the addition of any metal ions and 

at each metal ion molar ratio using a Bruker AVANCE 500MHz NMR 

spectrometer with TopSpin 2.1 and with a 5-mm Broad Band Fluorine Observe 

(BBFO) SmartProbe. 1D 19F NMR experiments were acquired at 298.15 K with 

512 scans, size of FID of 8192, a delay time of 1.7 s, acquisition time of 1.0 s; 

and, 1H NMR experiments were acquired with 512 scans with a recycle delay of 

2.0 s, size of FID of 165278, acquisition time of 0.54 s. The spectra were 

processed using TopSpin 4.1 with a  line broadening of 1.00 Hz during Fourier 

transformation. 1H chemical shifts were referenced directly to the DSS methyl 

peak at 0.0000 ppm while 19F chemical shifts were referenced indirectly to the 

0.0000 ppm DSS frequency in the 1D 1H spectrum [232]. 
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3.3.2. Characterization of 19F-NTA-probe complex binding to imidazoles 

We then assessed the potential for 19F-NTA-probe-metal to bind to 

histidine using imidazole as a model to determine the optimal imidazole:19F-NTA-

probe-metal ratio. Free imidiazole was used to mimic the side chain imidazole 

ring of histidine as this would bind to the 19F-NTA-probe-metal complex. 0.05 mM 

metal-probe samples (1:1 molar ratio determined optimal for metal binding) were 

prepared using the same NMR buffer conditions as in section 3.3.1. Samples 

were subsequently respectively added with imidazoles at molar ratios of 1:1, 

1.5:1, 2.0:1, and 2.5:1 to observe binding. All 1D 19F NMR and 1H NMR 

experiments were collected and processed in the same manner as in section 

3.3.1. To perform quantitative analysis of peak width and height comparisons, the 

baseline of each 19F NMR spectrum was corrected prior to quantitative peak 

width analysis using TopSpin 4.1. Using ñpeakwò command, the peakwidth of 

each peak was measured. 

3.3.3. Characterization of 19F-NTA-probe complex binding to proteins 

All peptides and proteins experiments were characterized at 298.15 K at 

11.7 T (500 MHz 1H frequency) using an Avance Neo NMR spectrometer (Bruker 

Ltd., Milton, ON) equipped with a 5 mm TCI CryoProbe Prodigy with z-axis 

gradient (Bruker) using TopSpin 4.1.4 in Dalhousieôs NMR3 Facility (Department 

of Chemistry) for biotinylated peptides; and at 298.15 K at 14.1 T (600 MHz 1H 

frequency) using an Avance Neo NMR spectrometer (Bruker) equipped with a 5 

mm TBO iProbe SmartProbe with z-axis gradient (Bruker) using TopSpin 4.3 in 
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Dalhousieôs BioNMR CORE (Faculty of Medicine) for SUMO protease. 

Experiments were carried out using standard pulse programs available in the 

TopSpin 4.0 libraries of pulse programs and processed using TopSpin 4.3. 1D 1H 

experiments were acquired using excitation sculpting with gradients for water 

suppression [231] (pulse program ñzgesgpò; 64 (AscendTM 600 MHz) or 32 scans 

(Neo 500 MHz), 2 s relaxation delay, 15 ppm spectral width, 4.707 ppm spectral 

center point, 2 s acquisition time with 30,028 acquired points; Fourier 

transformed using zero filling to 32,768 real points and with linebroadening of 0.3 

Hz or pulse program ). 1D 19F experiments were acquired without 1H decoupling 

(pulse program ñzgò with decoupler power at 0 W, 256 scans, 2 s relaxation 

delay, 88.54 ppm spectral width, -80 ppm spectral center point, 0.327 s 

acquisition time with 32,768 acquired points; Fourier transformed using zero 

filling to 32,768 real points and with linebroadening of 10 Hz). 1H chemical and 

19F chemical shifts were referenced in the same manner as in section 3.3.1[232]. 

3.3.3.1. Characterization of 19F-NTA-probe complex with His-tag SUMO 

protease:  

NMR samples were prepared from SUMO protease protein (MW = 28.2 

kDa, produced in-house by Sophie Haverstock). NMR samples were prepared in 

similar manner to section 3.3.1 with: (1) 50 µM 19F-NTA probe (probe-Ni2+), or (2) 

200 µM His-tag SUMO protease (SUMO), or (3) a series of 50 µM 19F-NTA-probe 

and with 50 µM, 100 µM, 150 µM, and 200 µM of His-tag SUMO protease (probe-

Ni2+ : SUMO of 1:1, 1:2, 1:3 and 1:4). All NMR samples were analyzed using 1D 

1H and 19F NMR experiments as described in the beginning of section 3.3.3. 
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Furthermore, hydrodynamic properties of samples were measured using 

stimulated echo DOSY experiments, acquired in a pseudo-2D manner in all 

cases using longitudinal eddy delays and bipolar gradient pulses for diffusion 

[234].  

For 1H DOSY, the pulse program ñledbpgppr2sò was employed (512 

scans, 2 s relaxation delay, 16.0 ppm spectral width, 4.7 ppm spectral center 

point, 1.7 s acquisition time with 32,768 acquired points; Fourier transformed with 

zero filling to 32768 points and line broadening of 5.0 Hz); and, for 19F DOSY, the 

ledbpgp2s pulse program was modified to use 19F routing (4096 scans, 2 s 

relaxation delay, 29.514 ppm spectral width, -80 ppm spectral center point, 1.70 

s acquisition time with 56,796 acquired points; Fourier transformed using zero 

filling to 65,536 points and line-broadening of 5.0 Hz). For DOSY experiments, 

they were set up with the same set of signals with increasing gradiant strength 

similar to Chapter 2, section 2.2.6. Using the same StejskalïTanner relationship 

in section 2.2.6 [158] and modifying the precursor DOSY experiment [234], the 

observed signal decay as a function of gradient strength is exponentially related 

to the translational diffusion coefficient (Ὀ ): 

Ὅ Ὅπ ÅØÐ  Ὀ  ς“‎Ὣ‏  Ў  ρπ   (3.1) 

where I is the observed signal intensity, I(0) is the unattenuated signal 

intensity,  ‎ is the gyromagnetic ratio (4257.6 Hz/G for 1H, 4005.93 Hz/G for 19F), 

g is the gradient strength (maximum amplitude 50 G/cm), ‏ is the gradient pulse 
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length (2 ms for 1H and 2 ms for 19F), and Ў is the diffusion time (80 ms for 1H, 

and 80 ms for 19F), with ‏ and Ў optimized for a given sample.  

Ὀ  the diffusion coefficient of the bound probe, and Ὂ  and Ὂ  

are the proportions of probes that are free and bound to protein of interest or 

protein-complex, respectively (i.e., Ὂ  Ὂ  1). This provides an estimate 

of the percent of probe bound in each condition: 

Ϸ   

   
  ρππϷ     (3.2) 

 

3.3.3.2. Characterization of 19F-NTA-probe biotinylated peptides complex and 

avidin 

To assess the potential for the 19F-NTA-probe to detect high-affinity 

binding in biotin - avidin [255] complexes, we designed 4 biotinylated peptides 

(purchased from GL Biochem Ltd. At 99.8% purity (Shanghai, China)): N-B-linker 

with biotin at the N-terminus with a GSGSG repeat linker 

((Biotin)GSGSGHHHHHH), N-B-nolinker with biotin at the N-terminus and no 

linker((Biotin)HHHHHH), C-B-nolinker with biotin near C-terminus at the R-group 

of Lys and no linker (HHHHHHK-biotin), and C-B-linker with biotin near C-

terminus at the R-group of Lys and the same linker (HHHHHHGSGSGK-biotin) 

(Figure 3.2).  
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ШThe schematic diagram demonstrates how the probe, Ni2+ ions, His-tagged 

Figure 3. 2. Schematic diagram of the probe, Ni 2+ ions, His -tag 

biotinylated peptides and monomeric avidin.  
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biotinylated peptides and monomeric avidin form a complex. The biotinylated 

peptides consisted of different biotin positioning at N-terminal with linker 

(GSGSG) (N-B-linker) and without linker (N-B-nolinker), C-terminal with linker (C-

B-linker) and without linker (C-B-nolinker). 
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Three sets of NMR samples were prepared in buffer conditions similar to 

section 3.3.1 with: (1) with 50 µM biotinylated peptide; (2) with 50 µM 19F-NTA-

probe and 50 µM biotinylated peptide (peptide-probe-metal complex); (3) with 50 

µM 19F-NTA-probe, 50 µM biotinylated peptide, 50 µM monomeric avidin 

(BioShop Canada Inc., Catalogue No. AVD407). These three sets of NMR 

samples were analyzed using 1D 1H and 19F NMR experiments as described in 

the beginning of section 3.3.3. Subsequently, as a test case, the biotinylated 

peptide N-B-linker was used to asses the hydrodynamic properties of probe 

complexes via DOSY experiments similarly to section 3.3.3.1. 

 

3.4. Results and Discussion  

3.4.1. 19F-NTA-probe binding to the metal ions Ni2+, Co2+, Zn2+ is detectable 

using NMR, but not for Fe2+ ions 

The designed system consists of the following key components: the probe 

(19F-NTA-probe), the metal ions, the His-tagged protein of interest, and its 

binding complexes. Given the high sensitivity of 19F-NMR chemical shift to 

environment, we first assessed the effect of binding of the 19F-NTA-probe to a 

series of four different metal ions (Co2+, Ni2+, Zn2+, and Fe2+) based on literature 

precedents for NTA-group metal chelation affinity [195]. 

We first verified whether the metal-chelated complex would form using 

19F-NMR spectroscopy. Through titrations with increasing metal ion concentration 

(Fig. 3.3), the binding of Co2+, Ni2+, and Zn2+ ions was detectable using 1D   
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Figure 3. 3. Titration of different metal ions to 19F-NTA-probe.  

Titration of 19F-NTA-probe samples at indicated molar ratio relative to 

probe molecule concentration monitored by 1D 19F NMR, with given sample prior 

to titration shown with no added metal denoted as control. Co2+(A), Ni2+(B), and 

Zn2+(C) exhibited new signals in slow exchange with the unbound state attributed 

to a metal-bound probe species (*). Fe2+ (D) did not exhibit a distinct metal-

bound signal.  
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19F-NMR by the presence of a new chemical shift which is indicative of a slow 

exchange; however, Fe2+ was not detectable by 1D 19F-NMR because the 

chemical shift of the probe signal does not appear to be perturbed nor is there 

the appearance of a new signal. Based on the distinct 19F NMR signals at 

different chemical shifts observed for the metal-free and metal-bound probe, the 

binding of Co2+, Ni2+, and Zn2+ is in the slow exchange regime on the NMR 

timescale, which is indicative of high affinity binding [256]. 

For metal ion titrations involving Co2+, Zn2+ and Ni2+, at the 1:1 metal 

ion:probe molar ratio, the peak disappeared at the chemical shift corresponding 

to the unbound probe and the newly observed peaks at distinct chemical shifts 

demonstrated binding that was detectable by 19F-NMR. Converse to this, titration 

with Fe2+ led to no peak being observed at a distinct chemical shift. Although the 

intensity at the -77.1 region decreased in intensity when Fe2+ was added in a 

molar ratio of 1:1, this is likely attributed to dilution effects (Fig. 3.3.D) rather than 

the contribution of paramagnetic effects to the broadening of peaks [257]. 

Co2+ binding led to shielding of the 19F resonance, with the bound state 

chemical shift appearing at -78.29 ppm in comparison to the unbound-state 

which appeared at  -77.11 ppm (Fig. 3.3.A). Conversely, the binding of Ni2+ or 

Zn2+ led to deshielding of 19F, with the bound state chemical shifts appearing at -

76.54 ppm and -77.05 ppm, respectively (Fig. 3.3.B-C).  

With these findings, we were able to confirm that the probe effectively 

binds to metal ions at a probe:metal ion ratio of 1:1. It also demonstrated the 

versatility and flexibility in different metal ions incorporation to the 19F-probe 
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binding system. Depending on the conditions, researchers can optimize the 

system with different metal ions and stoichiometries for their needs. 

3.4.2. 19F-NTA-probe-metal complex demonstrated detectable binding to 

imidazole for Ni2+ and Co2+ but not for Zn2+ 

 Initially, we decided to use imidazole for screening due as a surrogate for 

the imidazole present in the side chains of His, i.e., the potential of probe-metal 

complex coordination with His-tags on proteins. 19F-NTA-probe-metal (metal: 

Ni2+/ Co2+/ Zn2+) titrated with imidazole molar ratios of 1:1, 2:1, and 2.5:1 led to 

no chemical shift changes or new peaks presence in comparison to the control 

(probe-metal peaks) (observed around -77 to -78 ppm across all three samples). 

Instead, the 19F-NTA-probe-Ni2+ and 19F-NTA-probe-Co2+ complexes displayed 

significant peak broadening as a function of increasing equivalents of imidazole 

(Fig. 3.4.A probe-Ni2+ and probe-Co2+) at maximum 2:1 (imidazole : probe-metal) 

ratio. The probe-Ni2+ peak when imidazole was added at a molar ratio of 2.5:1 

broadened out beyond a detectable range for the ñpeakwò procedure on the  
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 Figure 3. 4. Titration of imidazole to probe -metal complex.  

A) 19F-NTA-probe-Co2+-imidazole and 19F-NTA-probe-Ni2+-imidazole complexes 

are detectable but not for 19F-NTA-probe-Zn2+ complex. Imidazole was titrated at 

different molar ratios (1:1, 2:1, 2.5:1) with 0.05 mM 19F-NTA-probe-metal 

complexes (either Co2+, Ni2+, or Zn2+) and qualitatively observed through 1D 19F-

NMR after each added imidazole increment. B) Highest magnitude of peak width 
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broadening effects is seen when imidazole is added in a 2:1 molar ratio to 19F-

NTA-probe-metal complexes with metals Ni2+(gold), Co2+(green), or Zn2+(red), 

and observed through 19F-NMR after each increment in imidazole concentration. 
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spectrum (Fig. 3.4.A probe-Zn2+). In contrast, the 19F resonance for the CF3 

group of probe-Zn2+ complex exhibited no observable broadening as imidazole 

was added (Fig. 3.4.A. probe-Zn2+). At a molar ratio of 2:1 (imidazole to 19F-NTA-

probe-metal complex), the largest change in peak width was detected for all 

probe-metal complexes except for Zn2+ ions (Fig. 3.4.B).  

Through these titration experiments, we were able to determine that the 

optimal stoichiometry for binding was 1 : 1 : 2 for probe : metal : imidazole. 

Importantly, we can also conclude that the probe-metal-imidazole complex forms 

and is detectable using 19F-NMR for both probe-Ni2+ and probe-Co2+ complexes. 

This suggests great potential for application to His-tagged proteins for 

characterization via binding to added probe-metal complexes. Unfortunately, the 

probe-Zn2+ complex was not detectable by 19F-NMR.  

3.4.3. 19F-NTA-probe-Ni2+ complex binding to His-tagged SUMO protease: 

After optimization of the probe-metal complex stoichiometry, using 1D 19F-

NMR, the binding of the probe-Ni2+ complex to SUMO protease showed a 

chemical shift to a more shielded chemical environment (from -76.32 (free) to -

76.45 ppm (bound to SUMO)) (Fig. 3.5). We also observed peak broadening 

effects for the new peak relative to the unbound state. Based on the broadening 

and the chemical shift of the probe-metal-SUMO peak, we suspected that binding 

between probe-metal complex and SUMO protease was leading to a situation 

where binding is observed at the intermediate to fast exchange regime on the 

NMR timescale, indicative of a lower binding affinity compared to probe with Ni2+  



 110 

Figure 3. 5. Evaluation of probe -protein binding affinity using 1D 19F-NMR. 

1D 19F-NMR spectra of samples containing (from bottom to top): 200 µM His-

tagged SUMO protease (SUMO), 50 µM 19F-NTA probe (Probe-Ni2+), a series of 

50 µM 19F-NTA-probe titrated in 50 µM, 100 µM, 150 µM and 200 µM His-tagged 

SUMO protease (probe-Ni2+ : SUMO protease ratio of 1 : 1, 1 : 2, 1 : 3 and 1 : 4). 
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ions, which was observed to lead to free and bound states in slow exchange (Fig. 

3.3). 

To better characterize the His-tagged SUMO protease-probe interaction, 

NMR pulsed-field gradient diffusion ordered spectroscopy (DOSY) was 

conducted to observe binding to His-tagged SUMO protease in an attempt to 

determine whether this probe-Ni2+-SUMO protease complex exists and classify 

the type of chemical exchange (Fig. 3.6). We were able to observe the apparent 

binding of the probe-metal-SUMO complex via a decrease in the Dc values of the 

probe-metal-SUMO complexes (Dc (probe) > Dc (probe-metal) > Dc (probe-metal-

SUMO)). Using the Eq. 3.3, 89% of the probe-metal complexes were bound to 

the His-tagged SUMO protease. 

On the basis of the observed chemical shift change, peak broadening, and 

slower diffusion coefficient consistent with ~89% of the probe-metal species 

being bound to SUMO, binding is quite clear. Thus, the new probe is able to 

noncovalently chelate to an intermediate MW protein of interest with a His-tag, 

namely His-tagged SUMO protease. Notably, a chemical shift change upon 

binding still is observed even though the His-tag is fused at the N-terminus of the 

SUMO protease and thus the 19F nuclei are still sensitive to the binding event 

despite being relatively remote from the structured core of the protein. This is 

indicative that our probing protein system has the potential to bind to and label 

His-tagged proteins with an accessible His-tag while also providing 19F-NMR 

spectral changes that allow the detection of this binding even before further 

experimental changes to that protein are evaluated. 
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Figure 3. 6. Pseudo -2D 19F-DOSY and 1H-DOSY analysis of examples of fit in 

probe -protein binding affin ity .

Using pseudo-2D 19F-DOSY and 1H-DOSY experiments, the translational 

diffusion coefficients (Dc) of the probe (19F), probe-Ni2+ (19F), probe-Ni2+-SUMO 

(19F), and SUMO protease (1H) were found by fitting the data to Eq.3.1 at 

increasing gradient field strength g.   



 113 

3.4.4. 19F-NTA-probe-Ni2+ complex binding to His-tag biotinylated peptides and 

peptide-avidin 

Given the demonstration of 19F-NMR detectable probe-binding to His-

tagged SUMO protease, we next evaluated the potential of the probe to detect 

intermolecular interactions. To do so, we took advantage of the high affinity 

biotin-avidin interaction using a series of His-tagged biotinylated peptides with 

different compositions and architectures (Fig. 3.2). 

Using both 1D 19F-NMR and 19F-DOSY experiments, we characterized the 

binding interaction between probe-Ni2+ with any of the 4 peptides (N-B-linker, N-

B-nolinker, C-B-linker, C-B-nolinker). Based on 1D 19F-NMR, binding to the 

biotinylated peptides complexes broaden and shift the peaks to a more upfield 

chemical environment (from 0.05 - 0.40 ppm shift) (Fig. 3.7.A). This effect is 

different from probe-metal complex binding to imidazole in which only peak 

broadening effect was observed and similar to SUMO protease, which suggests 

that peptide binding can be detected through changes in the 19F-NMR behaviour 

of the probe even for relatively small peptides and that this is consistent with 

detection of probe binding to proteins.  

With the exception of the C-B-linker peptide, upon addition of avidin, the 

probe-metal-peptide peaks broadened and shifted upfield, which is indicative of 

binding occurring on the intermediate to fast exchange timescale, similar to the 

observation with His-SUMO protease and again indicative of a lower binding  
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A) 1D 19F-NMR spectra of 4 probed biotinylated peptides sets (N-B-linker , N-B-

Figure 3. 7. Evaluation of avidin -biotinylated peptides binding using 19F-probe.  
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nolinker , C-B-nolinker , C-B-linker ) where each set showing the direction of the 

chemical shift after addition of avidin. B) Taking N-B-linker peptide as an 

example and using pseudo-2D 19F-DOSY and 1H-DOSY experiments, the 

diffusion coefficient values (Dc) of avidin (2.53  10-10  0.55  10-10 m2/s), probe-

Ni2+-peptide (4.20  10-10  0.02  10-10 m2/s), probe-Ni2+-peptide-avidin (3.41  

10-10  0.30  10-10 m2/s) were found using the fit for Eq.3.1 at increasing g value. 

Probe Dc remained unperturbed in the presence of avidin (4.33  10-10  0.04 

 10-10 m2/s). The red arrows indicate the chemical shift direction of the  (upfield 

shift: right, downfield shift: left). 
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affinity in comparison to probe-metal ion binding. The upfield shift suggested a 

shielding effect that may be attributable to the polarization moment in the urea 

group of biotin [258].  

The peak broadening in the avidin-bound-state led to a low signal-to-noise 

which precluded extensive DOSY analysis for most of these complexes. The 

peptide with the least peak broadening was thus chosen for detailed DOSY 

analysis, specifically the N-B-linker peptide, in order to characterize how effective 

this binding is. There was no significant difference in the Dc of probe-metal-

peptide (4.20 x 10-10  0.02 x 10-10 m2/s, Fig. 3.7.B) in comparison to probe-metal 

(4.69 x10-10  0.06 x 10-10 m2/s, Fig. 3.7.B) which is not unexpected due to the 

small MW and dynamic nature of these peptides. In contrast, the observed Dc of 

probe-metal-peptide-avidin (3.41 x 10-10  0.3 x 10-10 m2/s, Fig. 3.7.B) was 

significantly lower than the probe-metal-peptide complex (4.20 x 10-10 m2/s 

 0.02 x 10-10, Fig. 3.7.B). Using Eq.3.3, the probe-metal-peptide was found to 

be approximately 47% bound to avidin, which was unexpected from the high-

affinity of biotin-avidin interaction (Kd = 10-15 M). This lower percentage bound to 

avidin(< 50%) for probe-metal-peptide-avidin complex may be attributable to the 

steric hindrance coming from the probe positioning impeding avidin access to 

biotin and leading to a lower proportion of probe-peptide being observed in the 

bound state to avidin in comparison to, e.g., the ~89% bound to SUMO protease.  

 In order to tease out the influence of steric effects in this system, we would 

need to understand how the positioning of His-tag and biotin-group affect each 

other. Future 19F-DOSY experiments with the other three His-tag biotinylated 
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peptides would be useful to understand the potential for steric influence upon the 

biotin-avidin interaction. Specifically, observing changes in binding across 

various physiological pH conditions (pH 6.0 to 8.0) and at physiological 

temperatures may provide a greater insight to the stability of the probe-protein 

complex under conditions similar to that of the human body. 

3.5. Conclusion  

 In conclusion, we have demonstrated that the new CF3-NTA probe binds 

metal ions, in turn chelating His-tagged peptides and proteins of interest, and is 

able to detect binding of His-tagged peptides to a protein binding partner. To the 

best of our knowledge, this is the first demonstration of a noncovalent 19F-probe 

applicable for 19F-NMR. This has a wide variety of potential applications for study 

of peptide and protein behaviour and intermolecular interactions without the 

requirement to chemically or biosynthetically modify the labeled polypetide, also 

removing the necessity to purify it. By leveraging the well-established NTA-metal-

His protein binding system, we have thus demonstrated a unique and versatile 

approach to noncovalently label proteins for NMR characterization. Over and 

above simplification of the labeling step, this method offers distinct advantages 

over traditional covalent labelling approaches, such as faster binding kinetics and 

compatibility with physiological conditions, which are crucial for studying dynamic 

protein interactions. Moreover, this probe design circumvents challenges 

associated with protein stability and functionality that often occur due to 

modification of sites in the protein with 19F-labels, paving the way for broader 

application in on-cell NMR studies and beyond.   
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Chapter 4: Conclusion  and Future Work  

My thesis has demonstrated different 19F-NMR approaches to expand our 

understanding of peptide and protein biophysics and molecular or supramolecular 

interactions. We have explored different 19F-NMR methodologies including the 

development of bicelle-based 19F-NMR experiments that provided direct support 

for a new binding model for the dynamic bioactive peptide apelin-17 towards AR, 

and the development of a novel 19F-NTA-probe that took advantage of the high 

affinity 6xHis-Ni2+-NTA binding system. Overall, my thesis work has both 

demonstrated and expanded the versatility and diversity of application of 19F-NMR 

as a tool to answer a wide variety of outstanding questions in peptide and protein 

science.  

4.1. Apelin binding mechanism  

4.1.1. Therapeutic potential and impact 

As is detailed in Chapter 2, my PhD work has provided new support and 

insight into a proposed mechanism for apelin isoform bioactivity. I have been able 

to show that apelin interacts with and changes its conformation upon binding to 

membranes, a phenomenon that would, in turn, increase the likelihood of 

encountering its receptor through both enhanced cell surface diffusion and fly-

casting of its C-terminal tail to enable recognition by the AR (Fig. 4.1.). Due to the 

high percentage of homology between AR and AT2R, combined with previous 

understanding of the membrane-interactive properties of angiotensin II [138], it can 

be inferred that this proposed peptide binding mechanism for AR could apply to  
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This binding model is supported by the evidence and findings detailed in 

chapter 2 and could be inferred to apply to other peptide-GPCR systems, 

especially those with cationic endogenous peptide ligands. (Reproduced from 

PhӴm et al. [228]) 

  

Figure 4. 1. Proposed binding model for apelin -17 membrane interaction of 

behaviour before binding to the receptor.  
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AT2R and, potentially, to other GPCRs that are activated by endogenous peptides 

known to bind to membranes that were reviewed in section 1.5.2. My work has 

provided the most concrete evidence to date in favour of a previously hypothesized 

[49] combination of two previously proposed mechanisms being involved in 

peptide-receptor binding: (1) the membrane catalysis[132] model applies to 

enhance cationic peptide encounter with and recognition by their cognate 

receptors through the anchor point of the cell membrane, and (2) the fly-casting 

[245] model that is classically applied to intrinsically disordered protein (IDPs) 

extension of intermolecular radius [259-262] upon interaction with other biological 

molecules. 

Through this enhanced understanding of the events that take place before 

apelin-receptor contact, greater insight is provided into apelinôs therapeutic 

potential through the following route. Modification of clusters of cationic residues 

found in apelin isoforms would allow the potential to achieve a balance in both 

obtaining a sufficiently high membrane affinity to ensure cell surface attachment 

[132] (Fig. 4.2) but also a sufficiently low affinity to allow for IDP-like fly-casting 

properties [245] (Fig. 4.3). To achieve this balance, different strategies could be 

envisioned. First off, different cationic groups could be introduced to N-terminal 

segment side chains, allowing modification of membrane affinity. Second, 

ñstaplingò within the N-terminal domain of apelin could be employed to provide 

macrocyclic versions of apelin analogue that would lock the cationic cluster (Fig. 

4.4.) into a conformation that is ideally suited to membrane-interaction, as 

previously introduced for RPRL group in apelin-17 analogue AMG 3054 [44].  
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The lipid bilayer membrane (M) with its outer lipid-water interphase reaching up 

and backward and showing the peptide agonist (A) and its receptor (R). The N-

terminal (ƺ) interacts with the membrane hydrophobic groups, but the C-terminal 

(ǒ) remains in the aqueous head group region. In the lipid-water interphase, the 

peptides assume preferred conformations and orientations. The third and fourth 

steps are essentially conformational changes to the agonist and its receptor for 

stimulation(With permission from Sargent & Schwyzer [132]). 

 

 

Figure 4. 2. Visual depiction of membrane -catalyzed peptide -receptor 

interactions.  
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At an approach distance Rcm, the partially folded protein is already able 

to form contact possibilities for the binding site, while the folded structure 

remains out of range because of the smaller fluctuations in the folded state (With 

Figure 4. 3. An illustration of how fly -casting mechanism increases DNA 

binding speed.  
















































































