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Abstract

Apelin is a peptidic hormone that activates the class A G-protein-coupled apelin receptor.
Apelin is found in several bioactive isoforms in the body, ranging from 13 to 55 amino
acids in length. Only the C-terminal 12 amino acids are required for bioactivity. Apelin-17
has previously been shown to bind to micelles of anionic detergents, undergoing a
membrane-induced structural transition. It has been theorized that a peptide-membrane
interaction and the resulting conformational changes are necessary for peptide recognition
by the receptor, while also serving to increase local concentration of the ligand in what is
known as the membrane catalysis theory. Here, a method is described for conjugating both
synthetic and recombinant apelin to fluorescent probes. These fluorescently-labelled
peptides were then used in fluorescence experiments to test for membrane-interaction, as
required by the membrane catalysis theory. It was found that all three isoforms of apelin
interact favourably with both anionic and zwitterionic detergents, as indicated by the
calculated Py values. Forster resonance energy transfer (FRET) experiments were
performed with fluorescently-labelled apelin-17 to native tryptophan in a fragment of the
apelin receptor to both localize the ligand-receptor binding interface and to quantify the

peptide-receptor interaction.
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Chapter 1: Introduction

1.1. Physiological Relevance

Apelin is a small, basic, peptidic hormone that activates a class A G-protein-coupled
receptor (GPCR): the apelin receptor (AR). GPCRs are a large family of receptors that are
distinguished by their seven transmembrane domains (1). Nearly 30% of all United States
Food and Drug Administration-approved drugs target a member of the GPCR family (2).
Apelin has been shown to be a potent inotropic agent (3), and is found at high
concentrations in patients suffering from chronic heart failure (4). Based on the positioning
of dibasic residues in the proprotein precursor, proapelin, it was hypothesized that there
were three naturally-occurring bioactive isoforms of apelin: apelin-13, apelin-17 and
apelin-36 (nomenclature based on the number of C-terminal residues retained; Figure 1.1);
and, indeed, it was proven that synthetic apelin-13, -17, and -36 all activate the AR (5, 6).
It has been shown that it is the last 12 C-terminal residues that are essential for receptor
activation (7-9). In further support of the hypothesis that dibasic sites are key, previous
work in the Rainey lab demonstrates that apelin-13 is specifically enzymatically produced
from the 55 amino acid proapelin precursor protein by the proprotein convertase
PCSK3/furin (10).

The AR is expressed in various tissues throughout the body, particularly in cardiac and
vascular tissues (11), as well as in the central nervous system (12). The apelinergic system
has been implicated in obesity and diabetes (13), as well as human immunodeficiency virus
(14) and cognitive memory processes (15). Consequently, apelin and the AR have the
potential to be a highly desirable drug target, and structural characterization is crucial to

further understanding of the apelinergic system.



1.2. Structural Studies of Apelin and the Apelin Receptor

The Rainey lab has used nuclear magnetic resonance (NMR) spectroscopy to solve the
structure of apelin-17 in solution at 35 °C and 5 °C (16). These structures indicate
converged conformation in residues R6 to L9 (Figure 1.1-1.2). This structuring became
further converged at 5 °C in comparison to 35 °C. These findings could indicate that these
four residues (RPRL) are involved in ligand-receptor binding, as lower temperature
measurements allow for sampling of enthalpically favoured but entropically disfavoured
conformations and it has been shown that low temperature ligand structures can correspond
to the bound structures (17). Identification of the RPRL motif as a structured region, and
therefore likely site of receptor interaction, is also corroborated by the fact that these
residues are highly sensitive to alanine substitution (7, 8). Recent studies have also
specifically targeted this region, showing that it forms a well-defined B-turn that is
necessary for receptor binding (18). Furthermore, the N-terminal region of the AR has been
shown to be essential for activity using alanine scanning and truncation studies, with a pair
of acidic residues having been shown to be particularly important (19). Therefore, it is
plausible that the cationic RPRL residues might interact favourably with this region.

The structure of apelin-17 in the presence of sodium dodecyl sulfate (SDS) micelles has
also been solved using NMR spectroscopy (20). Langelaan and Rainey first showed using
circular dichroism (CD) spectropolarimetry that upon the addition of SDS micelles, the
spectra of apelin-12 and apelin-17 imply induction of some a-helical structuring by the
micelles. The NMR structure shows that apelin interacts with the surface of anionic SDS
micelles and forms a converged structure from R6 to K12, which includes the RPRL region,
with B-turn initiation between R6-L9 and at S10 (Figure 1.1 and 1.3) (20). Apelin-17 also

became highly structured in the M15 to F17 region upon interaction with micelles, although



this region does not directly associate with the micelle surface. Structuring of this nature
which is induced by interaction with membrane-mimetic micelles, clearly differing from
that in buffer (Figure 1.2 vs. Figure 1.3), may be indicative of a receptor binding mechanism
that includes catalysis by the cell membrane, further discussed in Section 1.3.

While solving the structure of the full-length AR is an ongoing project, some valuable
insight into structure and binding has been provided by studying ARSS, the first 55 residues
of the AR corresponding to the N-terminus and first transmembrane domain (Figure 1.4).
The structure of ARSS5 in dodecylphosphocholine (DPC) micelles has been solved by
Langelaan ef al. using NMR spectroscopy (21). The structure shows that the N-terminal
tail is highly disordered, except for an a-helix from D14 to K25 that contains two key
residues, E20 and D23 (Figure 1.4-1.5), previously shown to be essential for receptor
activation (19). In the a-helix, E20 and D23 are found just ~9 A apart on the same face of
the helix and in close proximity to the membrane, forming an anionic “patch” that is a likely
target for the highly cationic apelin, particularly the structured RPRL motif.

The combination of apelin-17 and ARS5S5 structural studies has allowed for proposing of
a potential mechanism by which apelin binds to and activates the AR. It has been proposed
that apelin may interact at the anionic patch, an interaction that is facilitated by the cell
membrane, after which the apelin-bound but disordered N-terminal domain of AR follows
a conformational excursion (or “fly-casting” (22)) mechanism, which facilitates the
insertion of the mostly hydrophobic C-terminal region of apelin into the AR transmembrane
(TM) bundle and induces activation (21). Insertion into the TM bundle has previously been
proposed by Iturrioz et al. (23), and this mechanism as a whole is facilitated by an
interaction between apelin and the cell membrane, following the membrane catalysis

theory, discussed below.



1.3. Membrane Catalysis Theory

The membrane catalysis theory (reviewed in (24)) proposes a mechanism whereby some
peptides or proteins may interact with the cell membrane prior to recognition by their
cognate receptor. The interaction between ligand and membrane can be either hydrophobic
or electrostatic in nature (24). The theory was put forth by Sargent and Schwyzer in 1986,
where they described a mechanism for ligand-receptor interactions catalyzed by the lipid
membrane (25). The first argument of the theory is that hormone receptors, such as GPCRs,
occupy only a very small fraction of the total area of the cell membrane surface. Therefore,
as a ligand approaches a cell, it is much more likely that the ligand will find and interact
with the cell membrane rather than directly with its cognate receptor. The theory also
suggests that many ligand molecules can interact with the cell membrane, effectively
increasing the local concentration of the ligand and further increasing the likelihood of
randomly interacting with the receptor. Upon binding to the membrane, the ligand may
undergo conformational changes, as observed for apelin-17 (20), and these changes may
correspond to a conformation that is more favourable for receptor recognition. The
membrane works as a catalyst in this theory by reducing the energy barrier for bringing
together a peptide and its cognate receptor in a conformation in which the ligand can be

recognized and induce activation (25).

1.4. Rationale and Objectives

In order to further examine the membrane catalysis theory and its contribution to apelin-
receptor interactions, the first objective of this work (detailed in Chapter 2) was to develop

a method to fluorescently label various apelin isoforms. Pyrene is a relatively inexpensive



fluorophore that is available conjugated to a variety of linker molecules. It can be used as
a probe of microenvironmental polarity due its unique spectral properties (detailed in
Sections 2.2.2-2.2.3), and therefore was a natural choice for examining peptide interaction
with membrane mimetics. Pyrene-labelled peptides could then be used in many different
types of experiments, probing both apelin-membrane interactions, as well as apelin-AR
interactions. Methods developed for pyrene-apelin conjugation should also be readily
generalizable to preparation of other apelin conjugates.

The second objective of this work (Chapter 3) was to use fluorescence spectroscopy to
study the peptide-membrane interactions using three different membrane-mimetic
surfactants: SDS, DPC, and I-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-rac-(1-
glycerol)] (LPPG) (Figure 1.6). At concentrations above the critical micelle concentration
(CMC), which is a value that is specific to the surfactant of interest, the monomeric,
amphipathic molecules spontaneously assemble into spherical structures called micelles,
with the hydrophilic surfactant headgroups forming the surface of the micelle, and the non-
polar tails form the hydrophobic centre of the micelle (Figure 1.7). Surfactant micelles are
the most frequently-used membrane-mimetics, particularly in NMR spectroscopy (26), so
they are extremely relevant when it comes to comparison between experiments performed
in the Rainey lab.

Aside from peptide-membrane interactions, pyrene-labelled apelin isoforms can also be
used to examine peptide-receptor interactions. Specifically, pyrene acts a Forster resonance
energy transfer (FRET) acceptor for tryptophan donors. The third and final objective of this
work (Chapter 4) was, therefore, to test for the potential for interactions between the well-

characterized ARS5 segment of the AR and apelin ligands through the use of FRET.



Apelin-13 ORPRLSHKGPMPF
Apelin-17 KFRRORPRLSHKGPMPF
Apelin-36 — LVQRPGSRNGPGPWQOGGRRKEFRRORPRLSHKGPMPEFE

Figure 1.1. Sequences of three naturally-occurring bioactive isoforms of apelin. Blue residues
indicate the amino acids that are retained in all isoforms.



Oz

Figure 1.2. NMR ensemble of apelin-17 at 35 °C. The backbones of all 80 ensemble members
are shown in blue for the two regions exhibiting increased structuring, superposed over the
representative structure in black. Functionally critical residues are coloured in purple. RPRL
motif denoted by red bracket. Reprinted with modifications with permission (Appendix 1)
from (16).



Figure 1.3. Structure of apelin-17 bound to an SDS micelle. Superposition of all 80 members
of the final ensemble of structures from R6 to K12 (R6-K12 coloured blue, remainder green)
with P7 and S10, initiation points of pB-turns indicated. Reprinted with permission via the
ACS Author Choice Usage Agreement, from (20).



Figure 1.4. Snake-plot showing amino acid sequence of ARS55 and its predicted topology.
E20 and D23, key residues for binding according to mutagenesis (19), are highlighted in red,
and the two native tryptophan residues, W24 and W51, are highlighted in blue. Modified
from Aditya Pandey.



Figure 1.5. NMR structural ensemble (40-member) of ARS5 in a DPC micelle containing
solution. All four structurally converged regions within the NMR ensemble are superposed
upon the lowest energy ensemble member (black), with D14-C19 in orange, E20-K25 in dark
red, A29-N46 in blue, and G47-K57 in green. The E20 and D23 sidechains are shown for all
40 ensemble members with positions based on the backbone superposition of E20-K25.
Reprinted with permission (Appendix ii) from (21).
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Chapter 2: Fluorescent Labelling of Apelin Peptides

2.1. Introduction

Fluorescent labelling of peptides and proteins is a very useful tool in structural studies
of protein complexes and interactions. Fluorescently labelled proteins have a vast array of
experimental applications such as the use of fluorescence microscopy to examine protein
localization within live cells or tissues. Polarity-sensitive probes, such as pyrene, can be
used to examine the microenvironment surrounding the probe. Pairs of fluorescent tags can
also be selected based upon appropriate spectral overlap in order to provide spatial
information from energy transfer experiments. Examples of the latter two applications are
further discussed in Chapters 3 and 4, respectively.

Green fluorescent protein (GFP) and other fluorescent proteins (FPs) have been widely
used to study the organization of living systems since the early 1990s (27). However, FPs
have several limitations. For example, the fluorophore component of FPs is generally
buried in a B-barrel structure, protecting the fluorophore from the exterior environment and
making precise detection of the surrounding microenvironment impossible (28). Most
importantly, at 26.9 kDa (29), it is infeasible to fuse GFP to a small peptide such as apelin
(1.5-4.2 kDa for the bioactive isoforms) without drastically changing the properties of the
peptide. In order to examine localization of and intermolecular interactions on the
nanometre scale involving small peptides, the use of fluorescent probes based upon small
molecules is necessary.

Dyes derived from small molecules offer many advantages to FPs. In addition to being
much more sensitive to environmental conditions such as polarity or pH, these dyes often

offer the ability to selectively label specific positions within the protein of interest (POI).
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Chemical dyes also generally have improved brightness and photostability over FPs (30).
Furthermore, a vast selection of dyes are commercially available, often making it possible
to select the exact spectral range and chemical conjugation method for a desired
experiment. Targeting a specific position in the amino acid sequence of the POI can be
made possible through the use of reactive linker molecules. In particular, cysteine and
lysine possess side chain moieties that react with sulfhydryl, maleimide, or succinimidyl
groups, and these reactions are among the most widely used for conjugating chemical dyes
to proteins (30).

This chapter introduces a method for fluorescently labelling three different isoforms of
apelin (Figure 1.1), making use of a reaction between an added N-terminal cysteine residue
and a succinimide cross-linker. Apelin-12 and apelin-17 are readily synthesized using
solid-phase peptide synthesis, and the N-terminal cysteine residue can be added during this
process. Apelin-36 is longer and more difficult to synthesize using solid-phase synthesis;
therefore, for the purposes of the experiments herein, it was expressed in and purified from
E. coli. The N-terminal cysteine residue was added to a pre-existing open reading frame
encoding apelin-36 using site-directed mutagenesis.

The N-terminus was chosen as the site for the fluorescent probe in hopes of affording
the least disruption to biological activity, since the C-terminal phenylalanine residue of
apelin-13 has been shown to be essential for activity (9) and many of the residues most
susceptible to mutagenesis fall toward the apelin C-terminus (31). As such, conjugating a
small molecule probe in close proximity to these residues could possibly hinder the
activation mechanism. The thiol group of the N-terminal cysteine is regioselectively
conjugated with a linker molecule, maleimide, which is in turn conjugated to a fluorescent

molecule, pyrene (Figure 2.1). This maleimide-conjugated pyrene is called N-(1-
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pyrenyl)maleimide (NPM). NPM has been used extensively to conjugate pyrene to cysteine
residues for a wide range of applications, including examining the locations and spacing of
cysteine residues in tubulin (32); determining the subunit orientation of translin (33); and,
probing conformational changes in the helices of apolipophorin (34). The conjugation
reaction is typically performed in either buffer (32, 35), or dimethylsulfoxide (36), with a
15-20 molar excess of NPM. This chapter introduces a new conjugation method performed
in the aprotic solvent, dimethylformamide (DMF), which provides efficient labelling with

only 2-5 M excess of NPM.

2.2. Materials and Methods

2.2.1. Materials

Acetonitrile and trifluoroacetic acid (TFA) were purchased from Fisher Scientific
(Ottawa, ON). Primers were purchased from Bio Basic Canada (Markham, ON).
BL21(DE3) strain E. coli cells were purchased from Lucigen (Middleton, WI). Ampicillin,
isopropyl B-D-1-thiogalactopyranoside (IPTG) and reagents for lysogeny broth (LB) media
were purchased from Fisher Scientific (Ottawa, ON). All other chemicals and solvents were
obtained at reagent or high performance liquid chromatography (HPLC) grade from Sigma-

Aldrich Canada (Oakville, ON), unless otherwise stated.

2.2.2. Peptide Synthesis and Purification
Solid-phase synthesis of the Cys-apelin-12 and -17 peptides was carried out by Nathan

Weatherbee-Martin following standard protocols (16, 37). After lyophilization, each crude
peptide product mixture was solubilized in water and analyzed using reversed-phase high

performance liquid chromatography (RP-HPLC) on a Prostar HPLC equipped with a diode
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array ultraviolet/visible (UV/Vis) absorbance detector (Varian Canada, Mississauga, ON)
through monitoring of absorbance at 210 nm and 280 nm. For analytical purposes, a Cis
matrix (5 um particle, 4.6 mm x 250 mm Spirit Peptide column, AAPPTec, Louisville, KY)
was employed with a water:acetonitrile (A:B; both containing 0.1% TFA) gradient with B
progressing from 2 to 98% in 40 min at 0.8 mL/min flow rate. A preparative Cig matrix (5
um particle, 20 mm x 250 mm Cosmosil column, Nacalai USA, San Diego, CA) employing
the same gradient at a flow rate of 8 mL/min was used for purification purposes. Product
mass was confirmed using positive mode electrospray ionization mass spectrometry

(Dalhousie Mass Spectrometry Laboratory, Department of Chemistry, Halifax, NS).

2.2.3. Site-Directed Insertion Mutagenesis of Apelin-36
The pETHN vector was supplied from the laboratory of Dr. Paul Liu, and the apelin-36

gene from a template pET23 plasmid was subcloned into the pETHN vector immediately
downstream of the 6xHis-SUMO gene by Nigel Chapman. 6xHis-SUMO-apelin-36 was
mutated using the QuikChange mutagenesis kit (Stratagene, Wilmington, DE) according to
the conditions in Table 2.1. A single cysteine residue was inserted immediately before L1
of apelin-36 (Figure 1.1). Forward and reverse primers had the sequences 5’-
CAGATTGGTGGATGTCTGGTGCAGCC-3’ and 5’-
GGCTGCACCAGACATCCACCAATCTG-3°,  respectively.  DNA  sequencing
(GENEWIZ, South Plainfield, NJ) was used to check for correct mutation with the amino

acid sequence shown in Figure 2.2.
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2.2.4. Expression and Purification of Cys-Apelin-36
To express 6xHis-SUMO-Cys-apelin-36, the BL21(DE3) strain of E. coli was

transformed with the pETHN vector containing the 6xHis-SUMO-Cys-apelin-36 gene. The
cells were grown for 16 h at 37 °C in a 250 mL Erlenmeyer flask containing 30 mL of LB
medium with ampicillin (100 pg/mL). This culture was used to inoculate 2 L. of LB medium
with ampicillin (100 pg/mL), which was then grown to an optical density at 600 nm (ODso0)
of 0.6. Expression was induced using IPTG (to a final concentration of 0.5 mmol/L). After
induction, cells were grown for 3 h at 37 °C and harvested by centrifugation (6500g at 4 °C
for 20 min).

The resulting cell pellet was resuspended in 30 mL lysis buffer (50 mmol/L NaH;POs,
300 mmol/L NaCl, 10 mmol/L imidazole, titrated to pH 8.0 with NaOH) and the cells lysed
using a French pressure cell press (American Instrument Company, Silver Springs, MD).
The lysate was centrifuged at 15,000g for 30 min at 4 °C. 6xHis-SUMO-Cys-apelin-36 was
purified from the supernatant using immobilized metal affinity chromatography with a
Ni**-nitrilotriacetic acid (NTA) agarose column (Qiagen, Toronto, ON) that was pre-
equilibrated with lysis buffer. The column was washed with 4 column volumes of wash
buffer (50 mmol/L NaH>PO4, 300 mmol/L NaCl, 20 mmol/L imidazole, pH 8.0), and then
the column-bound protein was collected upon the addition of elution buffer (50 mmol/L
NaH;PO4, 300 mmol/L. NaCl, 300 mmol/L imidazole, pH 8.0). Column flow-through,
wash, and elution fractions were analyzed using SDS-PAGE (15% acrylamide), resolved
at 180 V for 60 min, and visualized using Coomassie Blue stain. Elution fractions were
combined, and the 6xHis-SUMO expression tag was cleaved from the protein using 200
puL recombinantly expressed SUMO protease (Addgene, Cambridge, MA; cloned and

expressed by Nigel Chapman) and 1 mmol/L dithiothreitol (DTT), with incubation at room
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temperature for 4 h. The cleavage product was lyophilized and resuspended in H.O and
Cys-apelin-36 was purified using RP-HPLC on a Cig semi-preparative matrix (5 um
particle, 10 mm x 250 mm Cosmosil column) with a water:acetonitrile (A:B; both
containing 0.1% TFA) gradient with B progressing from 2 to 100% in 23 min with a non-
linear gradient (20-42.5% B from 0-18 min, 42.5-100% B from 18-23 min) at 3.5 mL/min
flow rate. Product mass was confirmed using positive mode electrospray ionization mass
spectrometry (Dalhousie Mass Spectrometry Laboratory, Department of Chemistry,
Halifax, NS)
2.2.1. Fluorophore Conjugation to Apelin Peptides

Purified Cys-apelin-12, -17 or -36 was dissolved in DMF (3 mg/mL) and incubated for
3 h at room temperature with 2-5 molar equivalents of NPM dissolved in 100 pL. DMF.
The reaction of Cys-apelin-36 included 5 mmol/L DTT. Reactions were monitored using
RP-HPLC on a Prostar HPLC equipped with a diode array ultraviolet UV/Vis absorption
detector (Varian Canada, Mississauga, ON) by monitoring absorbance at 210 nm and 340
nm using a Cig matrix (5 um particle, 4.6 mm x 250 mm Spirit Peptide column) with a
water:acetonitrile (A:B) gradient with B progressing from 2 to 100% in 25 min at 0.8
mL/min flow rate. Reaction mixture was purified on a preparative Cig matrix (5 pm particle,
20 mm x 250 mm Cosmosil column) using the same gradient with 8 mL/min flow rate.
Product (Py-Cys-apelin-12 or -17) mass was confirmed using positive mode electrospray
ionization mass spectrometry (Dalhousie Mass Spectrometry Laboratory, Department of

Chemistry, Halifax, NS).
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2.3. Results and Discussion

With the goal of conjugating a small molecule fluorescent probe at the N-terminus of
three apelin isoforms, two apelin isoforms (apelin-12 and apelin-17 (Figure 1.1)) had been
previously synthesized by solid-phase peptide synthesis with a cysteine residue added N-
terminally to each natural human apelin sequence (Cys-apelin-12 and Cys-apelin-17). The
synthetic cysteine-modified peptides were purified using RP-HPLC and their identities
were confirmed using mass spectrometry. To obtain Cys-apelin-36 for conjugation, an
existing pETHN vector containing the 6xHis-SUMO-apelin-36 gene was successfully
mutated using site-directed insertional mutagenesis to incorporate a codon encoding a
cysteine residue falling at the N-terminus of the apelin-36 sequence immediately C-
terminal to the 6x-His-SUMO tag (6xHis-SUMO-Cys-apelin-36). Successful insertional
mutagenesis was confirmed by DNA sequencing (Figure 2.2). Expression of the 6xHis-
SUMO-Cys-apelin-36 protein was successfully induced with IPTG and initial Ni**-NTA
purification was monitored using SDS-PAGE (Figure 2.3). Following enzymatic cleavage
from the fusion protein, Cys-apelin-36 was purified by RP-HPLC (Figure 2.4), to a final
yield of ~2 mg/L of LB medium.

The labelling reaction with the fluorescent probe NPM (Figure 2.1) was performed
separately on each of the three purified, cysteine-modified apelin isoforms dissolved in
DMEF. DMF is a polar aprotic solvent that is typically used for solid-phase peptide synthesis
(38). DMF was chosen because of its ability to dissolve the pyrene moiety (39), which
consists of four fused benzene rings and has extremely limited solubility in aqueous
solutions as well as alcohols or acetone. Highly charged apelin peptides are readily
solubilized in DMF because of its polarity, but the lack of a labile proton prevents the

solvent from interfering with the desired reaction.
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Peptide bonds absorb UV light in the 180-230 nm range. The aromatic amino acid side
chains also absorb in this region, in addition to the longer wavelength 240-300 nm region
(40). Pyrene absorbs strongly from 300-350 nm, with the absorbance maximum at 340 nm
(41). The fact that pyrene absorbs at longer wavelengths than peptides or proteins means
that its absorption can be used to monitor the progress of the reaction using an RP-HPLC
equipped with a UV/Vis absorption detector that allows monitoring of at least two
wavelengths. In Cys-apelin modification (Figure 2.1), monitoring of the eluent at both 210
nm and 340 nm allows straightforward identification of both the peptide and pyrene starting
materials peaks on the chromatogram, since the unreacted protein will not absorb at 340
nm. As the reaction progresses, the appearance of a new peak showing absorbance at 340
nm is indicative of product formation.

It was found that the NPM conjugation reaction proceeded efficiently at room
temperature at as little as a 2:1 molar ratio of NPM to peptide. Monitoring by RP-HPLC at
increasing time points throughout the reaction revealed that the reaction proceeded quickly,
with the starting material nearly completely reacted after just one hour (Figure 2.5). When
monitoring the reaction of Cys-apelin-36 with NPM, it was noted after three hours that a
product peak had not yet appeared. However, with the addition of 5 mmol/L DTT the
reaction progressed similarly rapidly as with the other apelin isoforms. This indicates that
the starting material, Cys-apelin-36 was more dimeric in nature than Cys-apelin-12 or -17,
and the disulphide bonds prevented the reaction from proceeding between the thiol group
of the cysteine and the maleimide linker molecule.

The putative product peaks exhibiting both protein and pyrene absorption from the
reaction mixture for each isoform were collected, lyophilized, and analyzed using mass

spectrometry. Peaks exhibiting the m/z ratio for each singly NPM-labelled Cys-apelin
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isoform species were predominant (Figure 2.6-2.7, Tables 2.2-2.3). Thus, the addition of a
cysteine residue at the N-terminus of three different isoforms of apelin allows for efficient
and specific labelling with a fluorescent probe.

This technique can be modified to suit the particular experiment of interest. Because of
the versatility of DMF as a solvent, the relatively low stoichiometric excess required vs.
literature protocols, and the variety of fluorescent probes with maleimide linkers that are
commercially available, it is likely that this method could be used for any number of
different fluorescent dyes, making it possible to conjugate a dye with specific spectral
properties tailored to the desired experiment. It would also be feasible to synthesize or
mutate apelin isoforms with a cysteine residue in different positions in the sequence to
probe other areas of the peptide such as in the RPRL motif or at the C-terminus, areas of
apelin previously shown in work from the Rainey lab to be critical for function (16).

In order to assess the bioactivity of the pyrene-labelled peptides, Nigel Chapman
performed a phosphorylated extracellular signal-regulated kinase (pERK) dose-response
assay in apelin receptor-transfected human embryonic kidney (HEK-293) cells. After
transfection, HEK-293 cells were stimulated with a range of Py-Cys-apelin-12
concentrations (1071 M — 10> M) and compared to a non-stimulated sample. Immediately
after stimulation, cells were harvested and lysed, and lysates were examined using SDS-
PAGE and western blot analysis. Quantities of pERK were analyzed for each sample using
ERK as a loading control (Figure 2.8). It was found that Py-Cys-apelin-12 had a shifted
dose-response curve compared to that of wild-type (WT) apelin-13 (data from Nigel
Chapman). The half-maximal effective concentration (ECso) was found to be ~80 nmol/L
for Py-Cys-apelin-12, whereas WT apelin-13 was found to have an ECso of ~0.2 nmol/L.

This corresponds to a significant decrease in the potency of the pyrene-labelled species;
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however, it was found that the maximal effect (Emax) for Py-Cys-apelin-12 was ~3.2,
comparable to that for WT apelin-13 at ~2.8. While the mechanism by which the decrease
in potency remains unclear, the pyrene-labelled peptide still elicited a full response from
the AR. This result was considered adequate to pursue further experiments with Py-Cys-

apelin-12 in solution with membrane mimetics.

2.4. Summary

An efficient method has been developed for the site-specific fluorescent labelling of
three isoforms of apelin. The method has been shown to be effective for synthetic forms of
apelin-12 and -17 and for recombinantly expressed apelin-36. The only requirements are
that there be a cysteine residue in the sequence in the desired location, and that the
fluorophore of interest is available with a maleimide linker molecule. This technique could
be extremely useful in future experiments to probe other areas of the apelin sequence, or to

test the use of other fluorophores with different spectral properties.
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Table 2.1. The reaction composition and thermocycling conditions used for mutagenesis of
apelin-36.

Reaction composition
Buffer type and amount  1x Phusion HF reaction buffer, 10 uL
Template DNA (ng) 50

[Primers] (umol/L) 0.2

dNTPs (uL) 1
Polymerase type and Phusion, 1 U
amount

Cycling conditions

Initial denaturation 98 °C, 30s
Number of cycles 25

Melting step 98 °C,30s
Annealing step 66 °C, 60 s
Extension step 72 °C, 3.5 min
Final extension N/A
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Table 2.2. Mass spectrometry deconvolution corresponding to Figure 2.6, Py-Cys-apelin-12.
Expected monoisotopic mass = 1821.86. Discrepancy due to the fact that Py-Cys-apelin-12
will statistically incorporate 1 '*C atom per molecule.

m/z Charge M*
608.6 3+ 1822.78
456.7 4+ 1822.77
365.6 5+ 1822.96
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Table 2.3. Mass spectrometry deconvolution corresponding to Figure 2.7, Py-Cys-apelin-17.
Expected monoisotopic mass = 2537.28. Discrepancy due to the fact that Py-Cys-apelin-17
will statistically incorporate 1 '*C atom per molecule.

m/z Charge M*
847.1 3+ 2538.28
635.6 4+ 2538.37
508.7 5+ 2538.46
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Figure 2.1. Chemical reaction between N-(1-pyrenyl)maleimide (NPM) and thiol group of
cysteine side chain.
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HHHHHHGSDS EVNQEAKPEV KPEVKPETHI NLKVSDGSSE
IFFKIKKTTP LRRLMEAFAK RQGKGMDSLR FLYDGIRIQA
DOTPEDLDME DNDITIEAHRE QIGGCLVQRP GSRNGPGPWQ
GGRRKFRRQR PRLSHKGPMP F

Figure 2.2. Amino acid sequence of 6xHis-SUMO-Cys-Apelin-36. 6xHis tag shown in green,
SUMO sequence shown in purple, cysteine insertion mutation shown in red, apelin-36
sequence shown in blue.
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Figure 2.3. A 15% acrylamide SDS-PAGE after electrophoresis and Coommassie Blue
staining showing initial expression and purification of Cys-apelin-36. The protein ladder is
shown on the left. U, uninduced; Lys, whole-cell lysate; FT, Ni**-NTA column purification
flow-through fraction; W, wash fraction; E1-E5, elution fractions 1-5; C, after enzymatic
cleavage. Arrow points to band corresponding to the 6xHis-SUMO cleavage product, Cys-
apelin-36 is denoted by *.
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Figure 2.4. RP-HPLC chromatogram showing purification of Cys-apelin-36 monitored at
210 nm (blue) and 280 nm (orange). Purification was carried out on a C18 semi-preparative
matrix (5 um particle, 10 mm x 250 mm Cosmosil column) with a water:acetonitrile (A:B;
both containing 0.1% TFA) gradient with B progressing from 2 to 100% in 23 min with a
non-linear gradient (20-42.5% B from 0-18 min, 42.5-100% B from 18-23 min) at 3.5
mL/min flow rate. Large peak at ~16 minutes corresponds to cleaved 6xHis-SUMO
fragment. Cys-apelin-36 peak is denoted by *.
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Figure 2.5. RP-HPLC monitoring of reaction between NPM and Cys-apelin-12, monitored
at 210 nm (blue) and 340 nm (red). Analytical monitoring was performed using a C18 matrix
(5 pm particle, 4.6 mm x 250 mm Spirit Peptide column) with a water:acetonitrile (A:B)
gradient with B progressing from 2 to 100% in 25 min at 0.8 mL/min flow rate. Left vertical
axis indicates time in hours after the start of the reaction. Peak at ~24 min corresponds to
Cys-apelin-12, peak at ~26 min corresponds to the reaction product Py-Cys-apelin-12,
denoted by *. The peak at ~34 min corresponds to unreacted NPM.
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Figure 2.6. Positive mode electrospray ionization mass spectrometry analysis of Py-Cys-
apelin-12. Molecular ion mass (M) is 1823 amu, expected mass is 1822 amu. Deconvolution

analysis found in Table 2.2.
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Figure 2.7. Positive mode electrospray ionization mass spectrometry analysis of Py-Cys-
apelin-17. Molecular ion mass (M ") is 2538 amu, expected mass is 2537 amu. Deconvolution
analysis found in Table 2.3.
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Figure 2.8. Phosphorylated extracellular signal-regulated kinase (pERK) assay in apelin
receptor-transfected HEK-293 cells. ERK serves as a loading control. NS, no stimulation;
n=1. A) Western blot analysis. B) Graphical analysis. Data from Nigel Chapman.
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Chapter 3: Examining Peptide-Micelle Interactions Using
Fluorescence Spectroscopy

3.1. Introduction

As introduced in Section 1.2, it has previously been shown by the Rainey lab that apelin
interacts with membrane-mimetic surfactant micelles (20). Langelaan and Rainey found
that the CD spectra for both apelin-12 and apelin-17 in buffer indicate that both isoforms
are random coil in nature (16); however, in the presence of anionic SDS and LPPG micelles,
both isoforms exhibit far-UV CD spectra with a convoluted a-helical band pattern. These
findings were confirmed by nuclear magnetic resonance (NMR) spectroscopy for apelin-
17. Diffusion coefficients calculated from NMR spectroscopy data indicate that apelin-17
binds favourably with SDS and LPPG, and experiences weak, transient binding to
zwitterionic DPC micelles. The calculated structure for apelin-17 showed that the key to
this interaction is a converged structure from R6 to K12 (Figure 1.1, 1.3), as well as
structuring of M15 to M17, which does not directly interact with the micelle surface (20).
It was concluded that these findings indicate that apelin likely fits with the membrane
catalysis theory put forth by Sargent and Schwyzer in 1986 (25). This chapter discusses a
method by which this interaction can be evaluated using fluorescence spectroscopy on

pyrene-labelled apelin peptides.

3.1.1. Fluorescence Spectroscopy

Fluorescence spectroscopy is a technique that exploits the inherent photoluminescent
properties of molecular groups known as fluorophores. Photoluminescence is the emission
of light from an excited state, and this emission can be divided into two categories:

fluorescence and phosphorescence. The defining difference between the two categories is
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that phosphorescence occurs from an excited triplet state and fluorescence occurs from an
excited singlet state (42). This chapter will focus on fluorescent emission.

Fluorophores, also called fluorescent probes or dyes, are typically aromatic compounds,
and can either be intrinsic (a natural component of the system) or extrinsic (added to the
system). Examples of intrinsic fluorophores are the aromatic amino acids: tryptophan,
tyrosine and phenylalanine. Extrinsic fluorophores are molecules that have been labelled
with a fluorophore that is not naturally occurring (43), for example pyrene, which is
discussed in this chapter. Fluorophores can be used to examine many different aspects of a
biological system. Examples include detecting binding between two proteins like a GPCR
and a G-protein in living cells (44), examining protein localization in living cells (45), or
providing insight into protein structure and conformation in vitro (46), just to name a few.

Both intrinsic and extrinsic fluorophores emit light following the same mechanism,
which is most often described by a schematic known as a Jablonski diagram (Figure 3.1),
first used by Professor Alexander Jablonski in 1935 (47). The Jablonski diagram shows
how after absorption of UV or visible light, the fluorophore promotes an electron to an
excited state, usually a higher vibrational level of the S; or S; singlet states. Typically, the
electron then relaxes to the lowest energy vibrational S state. Vibrational relaxation takes
place within a given singlet state, while relaxation from higher to lower (e.g., Sz to Si)
singlet states occur through a process called internal conversion. Both vibrational relaxation
and internal conversion happen very rapidly, generally before emission (42). From the
lowest vibrational S; state level, the electron then relaxes to the So ground state. This may
occur radiatively, leading to emission of a photon, or nonradiatively. Relative rates of these
processes differ from fluorophore to fluorophore, with those having a higher rate of

radiative vs. non-radiative emission having a higher quantum yield. The quantum yield is
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defined as the ratio of the number of photons emitted compared to the number of photons
absorbed (42). Radiative relaxation results in the emission of a photon that is lower in
energy, and thus higher in wavelength than the excitation photon. The difference between
the excitation wavelength and the emission wavelength was first noted by Sir George
Gabriel Stokes in 1852 (48), and is referred to as the Stokes shift. Because of the initial,
rapid relaxation to the lowest vibrational S; state after excitation, the emission of most
fluorophores is not affected by the excitation wavelength. However, because electrons
typically relax to a vibrational energy level above the lowest vibrational level of the So
state, an emission spectrum can show multiple bands resulting from photons of varying
energy due to relaxation to multiple vibrational levels.

The instrument used to examine fluorescence is called a spectrofluorometer, often
shortened to fluorometer. A basic spectrofluorometer comprises three major components:
a light source, a monochromator, and a detector (Figure 3.2). Light is emitted from the light
source, typically a xenon or mercury lamp, and travels through a monochromator that
selects the desired wavelength. Most monochromators use a diffraction grating to separate
the wavelengths of light. The selected wavelength is then passed through a slit, the width
of which can be adjusted to let through the desired range of wavelengths. Slit widths for
fluorescence spectroscopy experiments are generally 2 nm to 10 nm. The light is then
passed through the sample compartment, where the fluorophores present in the sample are
allowed to undergo absorption. The subsequent emission process is usually detected at a
90° angle, and the emission light is passed through a second monochromator, where the
desired emission wavelength is selected. From there, the emission photons pass through to
the detector, which is usually a photomultiplier tube (PMT). PMTs work by multiplying

the signal from each photon so that the final signal is many, many times greater than the
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initial emission signal. A photon that enters the PMT hits a photocathode, which causes an
electron to be ejected. The ejected electron is then accelerated toward the first dynode,
where upon impact, another 5-20 electrons are ejected (49). These electrons then travel
toward the second dynode, where they each cause the ejection of more electrons, and the
process continues down the chain of dynodes until the electrons hit the anode, where they
are converted into an emission signal. The emission intensities for each wavelength are

pieced together to give an emission spectrum.

3.1.2. Pyrene as a Polarity-Sensitive Probe

Pyrene is a small fluorescent probe that is often used in biophysical studies because of
its unique fluorescent properties. Pyrene exhibits five characteristic emission bands,
denoted as bands I-V, that correspond to the five vibronic transitions. These bands are
collectively referred to as the monomer bands. The monomer band spectrum can be used
to examine the nature of the environment surrounding the pyrene as the intensities of bands
I and III are highly sensitive to polarity (50). The first excited state of pyrene is generally
forbidden or weakly allowed, compared to the strongly allowed second excited state.
However, in the presence of polar solvent or other closely associated molecules, the first
excited state is stabilized by dipole-dipole interactions, which enhances the vibronic
coupling between S; and Sy, resulting in an increase in the ratio of the intensity of band I
compared to band III (51-53). This ratio can be used to evaluate the polarity of the
environment surrounding the pyrene, and is known as the Py scale, first defined by Dong
and Winnik in 1982 (54). The scale ranges from 0.58 for pyrene in hexane to 1.95 for
pyrene in dimethylsufoxide (55). The Py scale has previously been used by Tamamizu-

Kato et al. to probe protein binding to membrane mimetics (56). The theory is that an
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increase in Py value upon addition of membrane-mimetic micelles indicates that the pyrene
moiety is located in the highly polar, hydrophilic surface of the micelles. A decrease in the
Py value indicates that the pyrene group is located in the non-polar, hydrophobic centre of
the micelles. In order to measure an interaction with surfactant micelles, the surfactant
concentrations must be above the critical micelle concentrations (CMC). The CMC is the
concentration above which the particular surfactant spontaneously forms micelles in
solution. Having a concentration well above the CMC ensures that the concentration of
surfactant remaining as a monomer is negligible compared to the concentration of micellar
surfactant. A high micelle to peptide ratio also limits pyrene excimer formation, further

discussed in the following section.

3.1.3. Pyrene Excimers

The second unique spectral property of pyrene is its ability to form excited dimers, or
“excimers”, first defined by Stevens and Hutton in 1960 (57). An excimer is a dimer that
associates in the excited electronic state, but dissociates in the ground state (58). Excimer

formation follows the simplified mechanism:

M+ hv =M" (3.1)

M+ M = B (32)

where M is a monomer in the ground state that absorbs a photon, promoting it to a singlet
excited state, M. Under normal circumstances, M~ would relax back to the ground state by
emitting a photon in the process known as fluorescence. However, pyrene has an
exceptionally long excited state lifetime of 40-90 ns (59), so the excited state monomer is

able to interact with other ground state monomers if they are within ~10 A, giving rise to
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an excimer, E*. Excimer formation is characterized by a broad, unstructured band that is
significantly red-shifted compared to the monomer emission bands (~410-460 nm).

The appearance of the excimer band can be used to provide structural information about
pyrene-labelled proteins. Sahoo et al. used excimer emission from double pyrene-labelled
apoliophorin III to determine a conformational switch from a helical bundle to an extended
helical organization upon addition of lipids (60). Excimer emission has also been used
extensively to examine CMC, aggregation number, and other properties of surfactant
micelles (61-63). However, for the present studies, excimer emission, or lack thereof, was
used as a control to ensure that the micelle to peptide ratio was great enough that protein-

protein interaction was not affecting the observations.

3.2. Materials and Methods

3.2.1. Materials
DPC was purchased from Anatrace (Maumee, OH). LPPG was purchased from Avanti

Polar Lipids (Alabaster, AL). SDS was purchased from Fisher Scientific (Ottawa, ON). All
other materials were purchased from Sigma-Aldrich Canada (Oakville, ON), unless

otherwise stated.

3.2.2. Peptide-Micelle Interaction Fluorescence Spectroscopy Experiments

Lyophilized labelled peptide concentrations were obtained by UV/Vis absorbance
spectrophotometry using a molar extinction coefficient (g) of 40,000 M™! cm™! at 338 nm
for pyrene (64). Methanol solutions were then lyophilized, and peptide stock solutions were
made at concentrations of 150 pumol/L. Surfactant stock solutions of SDS, DPC and LPPG

were made at concentrations of 160 mmol/L each. Final samples were diluted to 1 pmol/L
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peptide and 100 mmol/L surfactant in 20 mmol/L sodium phosphate buffer with 60 mmol/L
NaCl at pH 7.0, unless otherwise stated.

All steady-state fluorescence spectroscopy experiments were carried out on a Horiba
Photon Technology International (Horiba PTI, London, ON) QuantaMaster-4CW
spectrofluorometer controlled using Felix32 software (PTI). Samples were analyzed in a 3
mm x 3 mm quartz microcuvette (Hellma Analytics, Markham, ON) using 150 puL volumes
at 37 °C. Both excitation and emission monochromators were set at 4 nm slit widths. The
excitation wavelength () for all pyrene-labelled samples was 340 nm and emission spectra
were recorded from 350 nm — 550 nm with an integration time of 0.25 nm/s. Each
experiment was repeated three times using fresh samples and spectra were averaged and
blank subtracted. Spectra were analyzed using GraphPad Prism 6 (GraphPad Software, San
Diego, CA).

3.2.3. Control Experiments

NPM was conjugated to mercaptoethanol following the method described in Section
2.2.1. Briefly, mercaptoethanol was dissolved DMF and incubated for 3 h at room
temperature with 2-5 molar equivalents of NPM dissolved in 100 uL DMF. The reaction
was monitored using RP-HPLC on a Prostar HPLC equipped with a diode array UV/Vis
absorbance detector through monitoring of absorbance at 210 nm and 340 nm. For
analytical purposes, a Cig matrix (5 pm particle, 4.6 mm x 250 mm Spirit Peptide column)
was employed with a water:acetonitrile (A:B; both containing 0.1% TFA) gradient with B
progressing from 2 to 100% in 25 min at 0.8 mL/min flow rate. A preparative Cig matrix
(5 pum particle, 20 mm x 250 mm Cosmosil column) employing the same gradient at a flow

rate of 8 mL/min was used for purification purposes. Lyophilized product (Py-
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mercaptoethanol) was dissolved in methanol and concentration was obtained by UV/Vis
spectrophotometry using €=40,000 M cm™ at 338 nm for pyrene (64). The methanol
solution was lyophilized and a stock solution was made at a concentration of 150 umol/L
in ethanol. A separate stock solution of pyrene was made at a concentration of 150 umol/L
in ethanol.

All control experiments were performed exactly as described in Section 3.2.2, except

using the ethanol pyrene and Py-mercaptoethanol stocks instead of Py-Cys-apelin.

3.2.4. Calculation of Py Values

Py values were calculated for each spectrum by selecting the local maximum around
375 nm — 385 nm as band I. Band III for all spectra was selected as 10 nm red shifted from

band I. After background signal subtraction, the Py value was calculated as follows:

" Fu
where Fi 1s the emission intensity of band I and F is the emission intensity of band III.
Ratios were calculated for each experimental replicate and are reported as an average with
the standard error of the mean (SEM). P values were calculated from the SEM using a
statistics calculator on http://www.graphpad.com/quickcalcs/ by an unpaired t test. P values
are denoted as follows: p>0.05, not significant (ns); p< 0.05, *; p< 0.01, **; p<0.001, ***;

p<0.0001, ****,

3.3. Results and Discussion

Fluorescence emission spectra were acquired for all three pyrene-labelled isoforms of
apelin (Py-Cys-apelin-12, -17, and -36) and for pyrene and the NPM-mercaptoethanol

conjugate (Py-mercaptoethanol) in the absence of surfactant and in the presence of SDS,
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DPC and LPPG surfactant micelles (Figure 3.3-3.4). Unless otherwise stated, fluorescence
experiments were repeated three times using fresh samples for each repeat, and spectra
were averaged. Pyrene-labelled peptide samples were excited at the pyrene absorption
maximum (340 nm) and emission spectra were collected from 350 nm to 550 nm. The same
general trend was observed for each sample type across all three peptides, while some
differences in behaviour were observed for the controls relative to the conjugated peptide
samples.

First, emission intensity was found to increase with the addition of each of the three
surfactants relative to buffer. This was true for all three isoforms of pyrene-labelled apelin,
as well as the two control samples. An increase in emission intensity, or quantum yield,
across the entire observed spectrum is likely due to a decrease in non-radiative decay
processes (65). It is possible that binding of apelin to the micelle would reduce collisional
quenching of the fluorophore, leading to an overall increase in observed emission intensity
(66).

Second, a slight red shift of the emission spectrum was observed as a function of
increasing apelin isoform length, where Py-Cys-apelin-12 showed a maximum band at 382
nm, Py-Cys-apelin-17 had a maximum at 385 nm, and Py-Cys-apelin-36 at 386 nm (Figure
3.3). Emission spectra of all three apelin isoforms were significantly red-shifted compared
to the two control spectra. Pyrene showed a maximum band at 374 nm and Py-
mercaptoethanol showed a maximum band at 376 nm (Figure 3.4). The slight red shift
observed for Py-mercaptoethanol compared to pyrene could be due to the addition of the
electron-donating maleimide group at the 1-position on pyrene, which slightly extends the
electron delocalization, lowering the energy of the lowest unoccupied molecular orbital

(LUMO) and resulting in a red-shifted emission wavelength (67). The increased shift
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observed with Py-Cys-apelin peptides could perhaps be due to further extension of the
electron delocalization throughout the protein backbone.

Py values were calculated for each spectrum by selecting the local maximum around
375 nm — 385 nm as band I. Band III is located in a trough of the spectrum for many of the
samples, so for all spectra it was selected as 10 nm red shifted from band I based on the
spectrum for pyrene which was in line with literature values (41). The Py values were
calculated as a ratio of the emission intensity of band I/band IIl. A Py value of less than 1
indicates a highly hydrophobic environment surrounding the pyrene moiety, with
increasing Py values suggesting increasing hydrophilicity (41). It was found that the Py
value for Py-Cys-apelin in sodium phosphate buffer in the absence of surfactant was ~1.4
for all three isoforms (Table 3.1, Figure 3.5-3.7). The pyrene control sample had a similar
Py value of 1.49 in the absence of surfactant (Figure 3.8), whereas the Py-mercaptoethanol
control sample had a value of 2.34 (Figure 3.9); however, all data for Py-mercaptoethanol
were found to be inconsistent with the trends observed for every other sample. This
anomaly is further discussed later in the chapter.

Each surfactant was added to a concentration of 100 mmol/L, which is considerably
higher than the CMCs of ~4 mmol/L (68), ~1.1 mmol/L, and ~0.02 mmol/L (69) for SDS,
DPC, and LPPG, respectively. It was found that with the addition of SDS surfactant
micelles, the Py value for each Py-Cys-apelin-12 and -36 increased to ~1.6 while for Py-
Cys-apelin-17 it increased to ~1.8. This significant increase in observed Py value for all
three isoforms implies that the pyrene group is located in the highly charged area on the
surface of the surfactant micelles. The Py values for all three isoforms in the presence of
zwitterionic DPC micelles were between 1.75 and 1.8. In the presence of anionic LPPG

micelles, Py-Cys-apelin-12 and -36 had similar Py values around 1.75, whereas Py-Cys-
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apelin-17 had a higher value of 1.85. The general trend for all three isoforms of pyrene-
labelled apelin is a significant increase in Py value with the addition of anionic or
zwitterionic surfactant micelles. This trend does not appear to depend on the concentration
of Py-Cys-apelin, since increasing the concentration up to 10 umol/L, does not significantly
change the normalized spectra (Figure 3.10).

In previous studies, it was shown that apelin-12 and -17 bind favourably to anionic
micelles of SDS and LPPG, and show a weaker, more transient interaction with zwitterionic
DPC micelles (20). In the current study, it is not possible to distinguish the type of
interaction taking place between anionic vs. zwitterionic micelles. In fact, the Py values
from the DPC samples for both Py-Cys-apelin-12 and -36 were slightly greater than those
of the anionic micelle samples. This could be explained by the fact that the Py value is a
function of the interaction between pyrene and the surrounding environment, which is
influenced by several factors including hydrogen bonding and dipole moment of the solute
and solvent (41), and it has been suggested that the Py value is most strongly influenced by
the dipole moment of the surrounding molecules (51). The DPC headgroup (Figure 1.6)
has a dipole moment of ~15 D (70) whereas the SDS headgroup has a much smaller dipole
moment of ~4.7 D (71). The dipole moment for the LPPG headgroup is not available in the
literature, however a similar molecule, [(1R)-1-[[[(2S)-2,3-dihydroxypropoxy]-hydroxy-
phosphoryl]Joxymethyl]-2-hexadecanoyloxy-ethyl] (z)-octadec-11-enoate (which has the
same headgroup as LPPG but with two alkyl chains instead of one (Figure 3.11)) has a
dipole moment of ~5.3 D (72), comparable to SDS. Therefore, it is possible that because
the DPC headgroup has a much larger dipole moment than SDS or LPPG, even if the
binding interaction between the peptide and micelle is weaker, the dipole-dipole interaction

is stronger resulting in a greater Py value.
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Notably, there is no evidence of pyrene excimers for any of the samples at the
experimental concentrations. In earlier experiments with lower concentrations of SDS
below the CMC (less than 4 mmol/L), and higher concentrations of Py-Cys-apelin-12 (~10
umol/L), a broad excimer band appeared above 450 nm (Figure 3.12), indicating that the
pyrene groups were in close enough proximity (less than 10 A) to form an excimer. In all
of the present experiments, the absence of this excimer band indicates that the micelle to
peptide ratio is great enough that there is less than one peptide per micelle, and that the
amphipathic Py-Cys-apelin molecules do not form separate micelles in solution.

Py values for the pyrene control were found to have the opposite trend (Figure 3.8);
upon addition of SDS, DPC, or LPPG micelles, they decreased to ~1 (Table 3.1), which
indicates that the pyrene is likely being incorporated into the hydrophobic centre of each
type of surfactant micelles. This difference in behaviour for pyrene alone vs. the pyrene
conjugated apelin peptides demonstrates that conjugation of pyrene to the peptide does not
significantly alter the behaviour of the peptide in the surfactant solution, as there is no
evidence to suggest that the peptides are incorporated into the centres of the micelles.

Py-mercaptoethanol control samples showed an interesting, however puzzling, trend
(Figure 3.9). Py values for all four samples including the buffer sample as well as each of
the three surfactants were above 2. In the absence of surfactant, the value was 2.34. There
was no significant change with the addition of zwitterionic DPC micelles. With the addition
of anionic SDS or LPPG micelles, the Py value increased slightly to 2.55 and 2.44,
respectively. This slight increase could indicate a somewhat more favourable interaction
with anionic surfactant micelles as compared to zwitterionic micelles; however, the most
important information obtained from this control experiment is that, unlike pyrene, there is

no evidence to suggest that NPM is incorporated into the hydrophobic centres of the
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surfactant micelles. It is possible that the maleimide moiety conjugated to mercaptoethanol
provides enough polarity to prevent the highly hydrophobic pyrene group from solubilizing
inside the micelles. However, it still remains a question as to why the Py values for all Py-
mercaptoethanol samples were so much greater than any of the apelin samples or the pyrene
control. Perhaps the presence of the hydroxyl group on mercaptoethanol in such close
proximity to the pyrene moiety effectively enhances the polarity of the environment enough
to perturb the Py values; however, more experiments with different groups conjugated to
the NPM are required to provide a more conclusive answer. Although the exact cause for
this anomaly remains unclear, the minimal differences across all four Py-mercaptoethanol
samples imply that the significant changes that are observed with Py-Cys-apelin
experiments are due to interactions between apelin and the surfactant micelles, and the
behaviour of the peptides is not significantly altered due to the NPM group.

This chapter has demonstrated a valuable protocol for qualitatively assessing an
interaction between a peptide and surfactant micelle. With the exception of the work done
by Tamamizu-Kato ef al. on a-synuclein (56), there are very few published examples of the
use of the Py scale in protein-membrane interactions; however, these experiments can
provide important information with relatively short experiment times and simple data
analysis. This protocol will be especially useful in the Rainey lab as a tool to screen peptides
before NMR spectroscopy experiments. NMR spectroscopy experiments can be expensive
as they often require isotopically-labelled peptides in higher concentrations and deuterated
solvents and surfactants. The experiments can also be very time-consuming, with complex
data analysis; therefore, it is extremely useful to have a relatively inexpensive and efficient
set of experiments to evaluate the peptide-micelle interactions and to identify peptides that

may be of interest to further probe by NMR spectroscopy.
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3.4. Summary

Fluorescence emission spectra for three pyrene-labelled isoforms of apelin were
collected in the absence and presence of three different surfactant micelles: anionic SDS
and LLPG, and zwitterionic DPC. Py values were calculated from the band I/band III ratio
which showed that all three isoforms interact with the surfaces of both anionic, and
zwitterionic surfactant micelles (Figure 3.13). Unlike previous studies by the Rainey lab
(20), this technique did not indicate a weaker interaction between apelin and zwitterionic
DPC micelles, compared to the anionic micelles. This could be explained by the larger
dipole moment for the DPC headgroup compared to that of SDS or LPPG, which may have
the effect of increasing the observed Py value. Overall, the results positively confirm an
interaction between apelin and surfactant micelles, and have provided an efficient protocol

for evaluating the interaction.
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Table 3.1. Py values and standard error of the mean calculated from each fluorescence
spectrum in the presence and absence of various surfactant micelles. All samples were 1
pmol/L in 20 mmol/L sodium phosphate buffer with 60 mmol/L NaCl, pH 7.0, analyzed at
37 °C. Surfactant concentration was 100 mmol/L. Spectra were collected in triplicate and Py
values calculated for each repeat, then averaged.

Buffer SDS DPC LPPG
Sample Mean SEM | Mean SEM | Mean SEM | Mean SEM
Py-Cys-apelin-12 1.379 0.025 | 1.587 0.002 | 1.756 0.013 | 1.727 0.039
Py-Cys-apelin-17 1.450 0.007 | 1.790  0.034 | 1.777 0.027 | 1.854 0.054
Py-Cys-apelin-36 1.451 0.044 | 1.635 0.039 | 1.793 0.028 | 1.754 0.010
Py-mercaptoethanol | 2.341 0.056 | 2.551  0.025 | 2346 0.010 | 2.445 0.022
Pyrene 1.495 0.060 | 0.9866 0.0365 | 1.160 0.055 | 1.005 0.048
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Figure 3.1. Jablonski diagram illustrating various forms of excitation and emission. Blue
arrows indicate absorption of a photon and subsequent excitation from So to S; or S,. Orange
arrow shows internal conversion from S, to S;. Grey arrows indicate vibrational relaxation
from v>0 to v=0. Red arrows indicate relaxation to Sy and corresponding emission of a photon
as fluorescence. Purple arrow indicates intersystem crossing from S; to T;. Magenta arrow

indicates relaxation from T; to Sp and corresponding emission of a photon as
phosphorescence.
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Figure 3.3. Fluorescence emission spectra of Py-Cys-apelin-12 (A), Py-Cys-apelin-17 (B),
and Py-Cys-apelin-36 (C). 150 pL samples were 1 pumol/L peptide and 100 mmol/L
surfactant in 20 mmol/L sodium phosphate buffer with 60 mmol/L NaCl at pH 7.0 analyzed
at 37 °C. Both excitation and emission monochromators were set at 4 nm slit widths. The
excitation wavelength was 340 nm and emission spectra were recorded from 350 nm — 550
nm with an integration time of 0.25 nm/s. Each experiment was repeated three times using
fresh samples and spectra were averaged and blank subtracted.
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Figure 3.4. Fluorescence emission spectra of Py-mercaptoethanol (A) and pyrene (B). 150
pL samples were 1 umol/L pyrene and 100 mmol/L surfactant in 20 mmol/L sodium
phosphate buffer with 60 mmol/L NaCl at pH 7.0 analyzed at 37 °C. Both excitation and
emission monochromators were set at 4 nm slit widths. The excitation wavelength was 340
nm and emission spectra were recorded from 350 nm — 550 nm with an integration time of
0.25 nm/s. Each experiment was repeated three times using fresh samples and spectra were
averaged and blank subtracted.
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Figure 3.5. A) Normalized fluorescence emission spectra of Py-Cys-apelin-12. 150 uL
samples were 1 pmol/L peptide and 100 mmol/L surfactant in 20 mmol/L sodium phosphate
buffer with 60 mmol/L NaCl at pH 7.0 analyzed at 37 °C. Both excitation and emission
monochromators were set at 4 nm slit widths. The excitation wavelength was 340 nm and
emission spectra were recorded from 350 nm — 550 nm with an integration time of 0.25 nm/s.
Each experiment was repeated three times using fresh samples and spectra were averaged
and blank subtracted, then normalized to the maximum. B) Py values calculated from
vibronic band I/IIl ratio from emission spectrum shown in (a). Surfactant values were
compared to buffer value: p< 0.01, **; p< 0.001, ***.
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Figure 3.6. A) Normalized fluorescence emission spectra of Py-Cys-apelin-17. 150 pL
samples were 1 pmol/L peptide and 100 mmol/L surfactant in 20 mmol/L sodium phosphate
buffer with 60 mmol/L NaCl at pH 7.0 analyzed at 37 °C. Both excitation and emission
monochromators were set at 4 nm slit widths. The excitation wavelength was 340 nm and
emission spectra were recorded from 350 nm — 550 nm with an integration time of 0.25 nm/s.
Each experiment was repeated three times using fresh samples and spectra were averaged
and blank subtracted, then normalized to the maximum. B) Py values calculated from
vibronic band I/IIl ratio from emission spectrum shown in (a). Surfactant values were
compared to buffer value: p< 0.01, **; p< 0.001, ***,
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Figure 3.7. A) Normalized fluorescence emission spectra of Py-Cys-apelin-36. 150 uL
samples were 1 pmol/L peptide and 100 mmol/L surfactant in 20 mmol/L sodium phosphate
buffer with 60 mmol/L NaCl at pH 7.0 analyzed at 37 °C. Both excitation and emission
monochromators were set at 4 nm slit widths. The excitation wavelength was 340 nm and
emission spectra were recorded from 350 nm — 550 nm with an integration time of 0.25 nm/s.
Each experiment was repeated three times using fresh samples and spectra were averaged
and blank subtracted, then normalized to the maximum. B) Py values calculated from
vibronic band I/IIl ratio from emission spectrum shown in (a). Surfactant values were
compared to buffer value: p< 0.05, *; p< 0.01, **,
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Figure 3.8. A) Normalized fluorescence emission spectra of pyrene. 150 puL samples were 1
umol/L pyrene and 100 mmol/L surfactant in 20 mmol/L sodium phosphate buffer with 60
mmol/L. NaCl at pH 7.0 analyzed at 37 °C. Both excitation and emission monochromators
were set at 4 nm slit widths. The excitation wavelength was 340 nm and emission spectra
were recorded from 350 nm — 550 nm with an integration time of 0.25 nm/s. Each experiment
was repeated three times using fresh samples and spectra were averaged and blank subtracted,
then normalized to the maximum. B) Py values calculated from vibronic band I/I1I ratio from
emission spectrum shown in (a). Surfactant values were compared to buffer value: p< 0.05,
* p< 0.01, **,
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Figure 3.9. A) Normalized fluorescence emission spectra of Py-mercaptoethanol. 150 uL
samples were 1 umol/L pyrene and 100 mmol/L surfactant in 20 mmol/L sodium phosphate
buffer with 60 mmol/L. NaCl at pH 7.0 analyzed at 37 °C. Both excitation and emission
monochromators were set at 4 nm slit widths. The excitation wavelength was 340 nm and
emission spectra were recorded from 350 nm — 550 nm with an integration time of 0.25 nm/s.
Each experiment was repeated three times using fresh samples and spectra were averaged
and blank subtracted, then normalized to the maximum. B) Py values calculated from
vibronic band I/IIl ratio from emission spectrum shown in (a). Surfactant values were
compared to buffer value: p>0.05, not significant (ns); p< 0.05, *.
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Figure 3.10. Fluorescence emission spectra of Py-Cys-apelin-17 in buffer (A), SDS (B), DPC
(C), and LPPG (D). 150 puL samples ranged from 1 umol/L to 10 pmol/L peptide and 100
mmol/L surfactant in 20 mmol/L sodium phosphate buffer with 60 mmol/L NaCl at pH 7.0
analyzed at 37 °C. Both excitation and emission monochromators were set at 4 nm slit widths.
The excitation wavelength was 340 nm and emission spectra were recorded from 350 nm —
550 nm with an integration time of 0.25 nm/s. Each experiment was repeated three times
using fresh samples and spectra were averaged and blank subtracted.

58



CH3
Figure 3.11. Chemical structure of [(1R)-1-[[[(25)-2,3-dihydroxypropoxy]-hydroxy-
phosphorylJoxymethyl]-2-hexadecanoyloxy-ethyl] (z)-octadec-11-enoate.
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Figure 3.12. Fluorescence emission spectra of Py-Cys-apelin-12. 150 uL. samples ranged
from 0.55 pmol/L to 11 pmol/L peptide and 1 mmol/L SDS in 20 mmol/L sodium phosphate
buffer with 60 mmol/L NaCl at pH 7.0 analyzed at 37 °C. Both excitation and emission
monochromators were set at 4 nm slit widths. The excitation wavelength was 340 nm and
emission spectra were recorded from 350 nm — 550 nm with an integration time of 0.25 nm/s.
Each experiment was repeated three times using fresh samples and spectra were averaged
and blank subtracted. Arrow indicates excimer band at ~475 nm.
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Chapter 4: Probing Ligand-Receptor Interactions with Forster
Resonance Energy Transfer

4.1. Introduction

Forster (or fluorescence) resonance energy transfer (FRET) is a spectroscopic technique
used to assess proximity and measure distances between and within fluorescent
biomolecules. FRET is named for Professor Theodor Forster who first wrote about energy
transfer in 1946 (73). FRET is the measure of energy transfer between a donor (D)
fluorophore and an acceptor (A) fluorophore that are separated by a distance, r. FRET can
be used to measure intermolecular distances between a D and A within a biomolecule, for
example, the distances between two helices in a GPCR (74). FRET has also been used to
examine the interaction between a protein and membrane lipids (75), and to detect ligand-
receptor interactions (76). The possibilities for the use of FRET as a spectroscopic ruler are
endless.

In order to exhibit FRET, an appropriate D and A pair (or FRET pair) must meet several
criteria with respect to their spectroscopic properties. Firstly, the FRET pair must have
overlapping emission and excitation spectra, meaning that the emission spectrum of the D
must sufficiently overlap with the excitation spectrum of A to allow energy transfer to occur

in that energy range. The degree of spectral overlap is defined by the overlap integral, J(1):

oo

J) = f Fy(Dea(DA*dA =

0

Jy Fp(Dea(HA*dA
J, Fp(A)da

(4.1)

where Fp(L) is the baseline-corrected fluorescence intensity at A and €a()) is the extinction
coefficient of the acceptor at A, usually expressed in units of M™! cm™!. The second criterion
required for FRET to occur is that the D and A must be within sufficiently close proximity,

usually within 0-100 A (77). The FRET donor must also have a high quantum yield and
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relatively long lifetime. Tryptophan and pyrene are an appropriate FRET pair, as their
emission and excitation spectra overlap: tryptophan absorbs in the regions 180-230 nm and
240-300 nm (40) and emits from 300-400 nm (78); pyrene absorbs strongly from 300-350
nm and emits from 375-410 nm (41) (Figure 4.1).

Each specific FRET pair will have a characteristic Forster distance (Ro) that is defined
as the distance between D and A at which the FRET efficiency is 50%. At this distance, the
number of photons emitted by D as fluorescence is 50% of the number of photons emitted
as fluorescence in the absence of A. R can be calculated from experimental measurements

as follows:

(0]

f&@q@ﬂﬂ=

0

9000(In 10)x2Q)
128m>Nn*

s 9000(In10)x2Q,
° ™ 12875Nn*

JA)  (42)

where k? is a term that describes the orientation of the transition dipoles of the D and A
with respect to each other (assumed to be equal to 2/3 in isotropic solution (79)); Qp is the
quantum yield of the donor; N is Avogadro’s number; n is the refractive index of the
medium (usually assumed to be equal to 1.4 for buffer solutions); and, J(A) is as defined in
equation 4.1. While it is possible to measure and calculate Ry, literature values for Ro are
available for many common FRET pairs. The literature R value for tryptophan and pyrene
is 28 A (80). The FRET efficiency (E) is the fraction of photons that are absorbed by the
donor that are then transferred to the acceptor, and is inversely proportional to the sixth
power of distance, r, between D and A:

R§

E =
RS + ¢

(4.3)

E is also directly determinable from a fluorescence emission spectrum or lifetime

measurement:
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E=—2W0 _q_0A_,_TpA (4.4)

where 1tpa is the lifetime of D in the presence of A; tpis the lifetime of D in the absence of
A; Fpa is the fluorescence intensity of D in the presence of the acceptor; and, Fp is the
fluorescence intensity of D in the absence of A. Therefore, by measuring the fluorescence
emission of the tryptophan residues in ARSS5 in the absence and presence of increasing
concentrations of pyrene-labelled apelin, it should be possible to estimate a distance
between the tryptophan and pyrene using the Ro value of 28 A (Figure 4.2.) (80). During
fluorescence experiments, tryptophan is typically excited at 290 nm; however, because
ARSS also contains tyrosine, which also absorbs weakly at 290 nm, the FRET experiments
discussed in this chapter use an excitation wavelength of 295 nm to avoid emission from

tyrosine contributing to Fp measurements.

4.2. Materials and Methods

4.2.1. Materials
The pEXP5-CT vector was purchased from Invitrogen (Burlington, ON). Bacterial

codon optimized ARS55 and primers were purchased from Bio Basic Canada (Markham,
ON). BL21(DE3) strain E. coli cells were purchased from Lucigen (Middleton, WI).
Acetonitrile, ampicillin, IPTG, TFA and reagents for LB media were purchased from Fisher
Scientific (Ottawa, ON). All other materials were purchased from Sigma-Aldrich Canada

(Oakville, ON), unless otherwise stated.
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4.2.2. Mutagenesis of ARS5
The gene encoding ARS55 was cloned into the pEXP5-CT vector by David Langelaan,

immediately upstream of the 6xHis. The open reading frame encoding AR55-6xHis was
mutated using QuikChange mutagenesis kit (Agilent Technologies Canada, Mississauga,
ON) according to the conditions in Table 4.1. Single tryptophan residues were mutated to
phenylalanine at positions W24 and W51 individually. Forward and reverse primers for the
W24F mutation had the sequences 5’-AATATACCGATTTTAAAAGCAGCGGC-3’ and
5’-GCCGCTGCTTTTAAAATCGGTATATT-3’, respectively. Forward and reverse
primers for the WSI1F mutation had the sequences 5’-
CCTGGTGCTGTTTACCGTGTTTCG-3’ and 5’-

CGAAACACGGTAAACAGCACCAGG -3’, respectively.

4.2.3. Expression of AR55 and ARSS Mutants
To express ARS55, ARS55-W24F, and ARS55-WS5I1F, the protocol for expression and

purification developed by Langelaan et al. was followed (21). Briefly, the BL21(DE3)
strain of E. coli was transformed with the pEXP5-CT vector containing the ARS55 or
mutated ARS5 gene. The cells were grown for 16 h at 37 °C in a 250 mL Erlenmeyer flask
containing 30 mL of LB medium with ampicillin (100 ug/mL). This culture was used to
inoculate 2 L of LB medium with ampicillin (100 pg/mL), which was then grown to an
optical density at 600 nm (ODsgo) of 0.6. Expression was induced using IPTG (to a final
concentration of 0.5 mmol/L). After induction, cells were grown for 4 h at 37 °C and
harvested by centrifugation (6500g at 4 °C for 20 min). Cell pellets were resuspended in
30 mL lysis buffer (50 mmol/L NaH2PO4, 300 mmol/L NaCl, 10 mmol/L imidazole, titrated

to pH 8.0 with NaOH) and the cells lysed using a French pressure cell press (American
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Instrument Company, Silver Springs, MD). The lysate was centrifuged at 15,000g for 30

min at 4 °C.

4.2.4. Inclusion Body Purification

The pellet was resuspended in 25 mL wash buffer with Triton (50 mmol/L Tris-HCI,
0.5% Triton X-100, 100 mmol/L NaCl, 0.1% NaN3z, 10 mmol/L DTT, pH 8.0) using
sonication. Centrifugation was carried out at 15,000g for 20 min at 4 °C. The supernatant
was discarded and a second wash was repeated using wash buffer with Triton.

The pellet was resuspended in 25 mL wash buffer without Triton (50 mmol/L Tris-HCI,
1 mmol/L ethylenediaminetetraacetic acid sodium salt (EDTA-Nay), 100 mmol/L NacCl,
0.1% NaNs, 10 mmol/L DTT, pH 8.0) using sonication. Centrifugation was carried out at
15,000¢ for 20 min at 4 °C. The supernatant was discarded and a second wash was repeated
using wash buffer without Triton. The final inclusion body pellet containing AR55 or
mutated ARS55 was resuspended in 10 mL 50% water (with 0.1% TFA) and 50%
acetonitrile (with 0.1% TFA). The suspension was purified using RP-HPLC on a Prostar
HPLC equipped with a diode array UV/Vis absorbance detector through monitoring of
absorbance at 210 nm and 280 nm using a Cis matrix (5 pm particle, 20 mm x 250 mm
Cosmosil column) with a water:acetonitrile (A:B) gradient with B progressing from 2 to
100% in 25 min at 8 mL/min flow rate. Product mass was confirmed using positive mode
electrospray ionization mass spectrometry (Dalhousie Mass Spectrometry Laboratory,

Halifax, NS).

4.2.5. Steady-State Fluorescent Spectroscopy FRET Experiments

All steady-state fluorescence spectroscopy FRET experiments were carried out on a

Horiba Photon Technology International (Horiba PTI, London, ON) QuantaMaster-4CW
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spectrofluorometer controlled using Felix32 software (PTI). Samples were analyzed in a 3
mm x 3 mm quartz microcuvette (Hellma Analytics) using 150 pL volumes at 37 °C. Both
excitation and emission monochromators were set at 5 nm slit widths. Excitation
wavelength () for all FRET samples was 295 nm and emission spectra were recorded from
300 nm to 500 nm (for Py-Cys-apelin-17 concentrations ranging from 0 to 40 umol/L) or
300 nm to 360 nm (for Py-Cys-apelin-17 concentrations greater than 40 umol/L) with an
integration time of 0.1 nm/s. Each experiment was repeated three times and spectra were
averaged. Spectra were analyzed using GraphPad Prism (GraphPad Software).

An ARSS5 stock solution was made at a concentration of 150 umol/L with a LPPG ratio
of 1.5 micelles per peptide. Py-Cys-apelin-17 stock solution concentrations were 150
pmol/L and 1 mmol/L. Final samples were diluted to 20 umol/L ARS55 with 1.5 micelle to
peptide ratio, and Py-Cys-apelin-17 concentrations increasing from 0 to 200 umol/L in 20

mmol/L sodium phosphate buffer with 60 mmol/L NaCl at pH 7.0.

4.2.6. Calculation of FRET Efficiencies, Distances, and Py Values

FRET efficiencies (E) were calculated by selecting the tryptophan emission maximum
around 300 nm — 330 nm for each spectrum. These values were then compared to the
spectrum of ARS5S5 in the absence of acceptor following equation 4.4. E values were

analyzed using GraphPad prism, and fit to a one-phase association model:
Y =Y, + (Plateau — Y,) (1 — e K%) 4.5)

where Yo is the Y (efficiency) value when X (Py-Cys-apelin-17 concentration) is 0, plateau
is the Y value at infinite concentration, and K is the rate constant.
Distance values (r) were calculated using equation 4.4. Py values were calculated as

described in Section 3.2.4.
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4.3. Results and Discussion

In order to clearly distinguish between signals from the two native tryptophan residues
in the ARS5S5 sequence, these residues were substituted individually to obtain two single-
tryptophan mutants of ARS55. An existing pEXP5-CT vector containing the AR55-6xHis
gene was successfully mutated using site-directed mutagenesis to individually substitute
each of the two wild-type tryptophan residues to phenylalanine (AR55-W24F and ARS5-
WS1F (Figure 1.4). Substitution of the tryptophan residues at the DNA level was confirmed
by DNA sequencing. Expression of AR55 and ARS55 mutant proteins was successfully
induced with IPTG and inclusion body purification was monitored by SDS-PAGE (Figure
4.3). Each ARS5S5 protein was purified from the inclusion body extract using RP-HPLC.

Steady-state fluorescence FRET experiments were successfully completed with Py-Cys-
apelin-17 and WT ARS5S5, AR55-W24F, and AR55-W51F in the presence of LPPG (Figure
4.4). 1t is not possible to distinguish between the two tryptophan residues in WT ARS55
using steady-state fluorescence, therefore the experiments performed on WT ARSS were
used simply for comparison. AR55 and LPPG concentrations were kept constant for all
samples at 20 umol/L and 3.75 mmol/L, respectively. An LPPG concentration of 3.75
mmol/L is still well above the CMC of 0.02 mmol/L, and corresponds to a micelle to
peptide ratio of 1.5 assuming an aggregation number of 125 (81). Py-Cys-apelin-17
concentrations ranged from 1 umol/L to 200 pmol/L, and these spectra were compared to
those of ARS5S in the absence of Py-Cys-apelin-17.

For each sample, the FRET efficiency (E) was calculated using the intensity at the
tryptophan emission maximum (~300 nm — 330 nm) and comparing this to the intensity at

the tryptophan emission maximum in the absence of Py-Cys-apelin-17 (Table 4.2). The
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distance between tryptophan and pyrene (r) was calculated using equation 4.4, assuming a
Forster distance (Ro) of 28 A (80).

It was found that E increased with increasing Py-Cys-apelin-17 concentration for WT
ARSS5, AR55-W24F, and AR55-WS5I1F, indicating that the tryptophan and pyrene groups
are in close enough proximity to allow for energy transfer. The relationship between E and
Py-Cys-apelin-17 concentration can be described by a single-phase association exponential
curve (Figure 4.5), with plateaus at ~0.9 for both AR55-W24F and AR55-WS51F. E values
calculated from Py-Cys-apelin-17 concentrations that are lower than saturation (i.e. <20
umol/L) do not represent the true E, but rather an average of bound and unbound ARS5S;
therefore, the corresponding r values calculated from these E values cannot be interpreted
as true “distances”. It is the r value calculated from the plateau of the E curve that best
represents the actual distance between pyrene and tryptophan in a saturated system. These
plateau r values were calculated to be ~20 A for both AR55-W24F and AR55-W51F. When
considering the position of the two tryptophan residues in the ARS55 sequence, it was
expected that AR55-WS51F would display a shorter distance to pyrene compared to ARS55-
W24F because the remaining tryptophan at W24 is much closer to the two residues of the
AR that have been shown to be essential for ligand binding (19), whereas W51 is located
further away from this potential binding site, near the C-terminal end of the helix (21).
From these calculations, it appears that the distance between pyrene and W24 is actually
slightly greater than W51; however, it cannot be said definitively whether this difference is
significant.

Another observation to consider is the blue shift in the tryptophan maximum emission
wavelength. The maximum is shifted from 322 nm to 306 nm for AR55-W24F and from

321 nm to 303 nm for AR55-WS51F (Figure 4.4). A blue shift in tryptophan fluorescence
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emission indicates that the tryptophan residue is in a more hydrophobic environment (78).
Tryptophan fluorescence is strongly affected by hydrogen bonding to the imino group. In
a hydrophobic environment there is less hydrogen bonding, resulting in a shifted emission
spectrum (78). An increase in hydrophobicity surrounding the tryptophan residue could be
reasonably explained by ligand binding. Perhaps when apelin binds, the tryptophan
becomes inserted further into the hydrophobic centre of the LPPG micelle due to a
conformational change in ARSS5. This is a fair hypothesis because the two tryptophan
residues are located very near the beginning and end of the helix, respectively (21). Along
with a blue shift in emission, tryptophan residues also typically display an increase in
fluorescence intensity in areas of greater hydrophobicity. If this is true for the current
experiments, an increase in emission intensity upon ligand binding could in fact be
obscuring the FRET calculations. Because these calculations are based on the intensity of
the tryptophan band, without the effect of the hydrophobicity-related increase, the actual
emission intensities may be significantly lower than what was observed, which would result
in higher calculated FRET efficiencies and shorter r distances.

Py values were also calculated from the pyrene emission bands in the FRET
experiments. It was found that the Py values for the lowest concentration of Py-Cys-apelin-
17 (1 pmol/L) for all three ARS5 samples were ~1.7 (Table 4.2). With increasing Py-Cys-
apelin-17 concentrations, the Py value increased to ~1.9 for all three samples at 40 pmol/L.
This trend of increasing Py value with increasing pyrene concentration was not observed
in the peptide-micelle interaction experiments discussed in Section 3.3 (Figure 3.10). The
values appear to increase very quickly from 1 pmol/L to 10 umol/L, and then plateau at
concentrations above 10 umol/L. The most likely explanation is that this increase is actually

an artefact caused by the overlapping tryptophan emission spectrum. Because the
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tryptophan spectrum shows some emission at in the 385 nm — 395 nm region, this
contribution to the pyrene bands likely affects the Py value calculation, whereas at higher
concentrations of Py-Cys-apelin-17 where the pyrene emission is very strong, the
contribution from tryptophan is negligible. Therefore, Py seems unlikely to be of use in
understanding of these interactions.

In some experiments, it is possible to calculate FRET efficiencies from the increase in
acceptor fluorescence, rather than the decrease in donor emission. However, it was found
that pyrene absorbs quite strongly at the tryptophan excitation wavelength, 295 nm;
therefore, background subtraction of pyrene emission due to direct excitation proved
challenging. Pyrene also has such a high quantum yield that, at the concentrations required
for binding experiments, fluorescence emission would be in a range that could be damaging
to the instrument. To circumvent this issue, at Py-Cys-apelin-17 concentrations greater than
40 pmol/L, the emission spectra were monitored from 300 nm to 360 nm, instead of 300
nm to 500 nm, eliminating the range of pyrene emission. Therefore, it would not have been
possible to obtain E values for those concentrations using the acceptor-based calculations.

Although FRET is a widely-used technique (79), and it has been used to investigate
ligand-receptor interactions (76), there are currently no literature examples of the use of
FRET to examine GPCR ligand binding sites. This chapter has demonstrated a unique
example of using an extrinsic, small molecule fluorescent dye in combination with intrinsic,
native tryptophan residues to probe the binding site between a segment of the AR and the

cognate ligand, apelin.
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4.4. Summary

FRET data were collected for the interaction between Py-Cys-apelin-17 and ARSS,
ARS55-W24F, and AR55-WS51F. All spectra showed a decrease in tryptophan emission with
increased concentration of Py-Cys-apelin-17 (Figure 4.4). This decrease in Fp was used to
calculate E and r from equation 4.4. Distance measurements for r showed an
indistinguishable difference for W24 vs. W51, with both r values being ~20 A. An
increasing blue shift in tryptophan emission maximum with increasing Py-Cys-apelin-17
may indicate that upon ligand binding, the tryptophan residues are in a more hydrophobic
environment, perhaps in the interior of the surfactant micelle or in a hydrophobic binding
pocket created by apelin. This blue shift is typically accompanied by an increase in
emission intensity, which could be effecting the E values calculated from Fpa. Overall, the
results indicate that the pyrene group and tryptophan residues are within the range of FRET
distance measurement upon binding, and further experiments may allow for distinguishable

r values for the two tryptophan residues.
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Table 4.1. The reaction composition and thermocycling conditions used for mutagenesis of
ARS5S.

Reaction composition
Buffer type and amount  1x Phusion HF reaction buffer, 10 uL
Template DNA (ng) 40

[Primers] (umol/L) 0.2

dNTPs (uL) 1
Polymerase type and Phusion, 1 U
amount

Cycling conditions

Initial denaturation 98 °C, 30s
Number of cycles 25

Melting step 98 °C, 30s
Annealing step 69 °C, 60 s
Extension step 72 °C, 3.5 min
Final extension N/A
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Table 4.1. FRET data showing energy transfer efficiency (E), and distance (r) for tryptophan
in ARS55 to pyrene in Py-Cys-apelin-17. Py values calculated from pyrene emission bands
I/IIL. Plateau indicates values at infinite Py-Cys-apelin-17 concentration as calculated from

equation 4.2.

ARSS ARSS5-W24F ARSS-WS1F
concentration Bt P B v m E ot B
0 0 - - 0 - - 0 - -
1 pmol/L 0.0321 494 1.712 | 0.0618 44.1 1.657|0.0022 77.6 1.735
5 umol/L 0.0574 44.6 1.872 | 0.172 36.4 1.850 | 0.0446 46.7 1.882
10 pmol/L 0.240 339 1.892 |0.254 335 1.883|0.134 382 1.904
20 umol/L 0.356 309 1.891 | 0.426 294 1.903|0.340 31.3 1.886
40 umol/L 0.552  27.0 1.905 | 0.565 26.8 1.910 0.422 29.5 1.902
100 pmol/L 0.832 215 0.811 22.0 0.681 24.7
200 pmol/L 0943 17.6 0928 183 0.882  20.0
Plateau 0.941 17.7 0.891 19.7 0.884 19.9
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400 410

Wavelength (nm)

Figure 4.1. Schematic representation of the spectral overlap of tryptophan and pyrene.
Tryptophan excitation spectrum shown as blue dashed line, tryptophan emission spectrum
shown as blue solid line. Pyrene excitation spectrum shown as red dashed line, pyrene
emission spectrum shown as red solid line.
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Figure 4.2. Schematic representation of FRET experiment between tryptophan residues of
ARSS5 and pyrene-labelled apelin peptide. LPPG surfactant micelle shown in blue. AR55
helix and unstructured tails shown in brown. Tryptophan residues represented as blue Ws.
Apelin is represented as grey rectangle, with pyrene represented as yellow hexagon. Distance
between tryptophan and pyrene, r, shown as red dashed line.
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Figure 4.3. A 15% acrylamide SDS-PAGE after electrophoresis and Coommassie Blue
staining showing initial expression and inclusion body purification of ARS5. The protein
ladder is shown on the left. U, uninduced; Lys, whole-cell lysate; W1-W5, inclusion body
wash samples; IB Pel, inclusion body-containing pellet. ARSS is denoted by *.
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Figure 4.4. Fluorescence spectra of FRET experiments with Py-Cys-apelin-17 and ARS5S.
150 puL samples were 20 pumol/L AR55 (A), AR55-W24F (B), or AR55-W51F (C), with 1.5
LPPG micelle to ARSS ratio, and Py-Cys-apelin-17 concentrations increasing from 0 to 200
pumol/L in 20 mmol/L sodium phosphate buffer with 60 mmol/L NaCl at pH 7.0 analyzed at
37 °C. Both excitation and emission monochromators were set at 5 nm slit widths. Excitation
wavelength for all FRET samples was 295 nm and emission spectra were recorded from 300
nm to 500 nm (for Py-Cys-apelin-17 concentrations ranging from 0 to 40 pmol/L) or 300 nm
to 360 nm (for Py-Cys-apelin-17 concentrations greater than 40 pmol/L) with an integration
time of 0.1 nm/s. Each experiment was repeated three times and spectra were averaged.
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Figure 4.5. FRET E values (from Table 4.2) calculated from equation 4.4 and fit to the one-

phase association model in equation 4.5.
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Chapter 5: Conclusion

This work has demonstrated an efficient protocol for fluorescently-labelling apelin
peptides (Chapter 2), and has shown two examples of the use of fluorophore-conjugated
apelin isoforms and the valuable data that they can provide. In the first example outlined in
Chapter 3, pyrene-labelled apelin isoforms were used to examine peptide interactions with
membrane-mimetic surfactant micelles. The Py ratio calculated for each sample allowed
for rapid evaluation of the interaction with both anionic and zwitterionic micelles. The most
significant limitation of this technique is that it cannot provide a quantitative evaluation of
the interaction between the peptide and surfactant micelle. Due to the effect of the dipole
moment of the surfactant headgroups on the calculated Py values, the results are not
representative of the strength or nature of the interactions. However, because of the
simplicity and cost-effectiveness of this technique, it remains a useful tool to examine the
membrane catalysis theory in combination with other, more complex experiments.

In the second example outlined in Chapter 4, the pyrene-labelled peptides were used to
measure the distance between the pyrene group on the peptide and the tryptophan residues
in the first TM segment of the AR. It was found that the pyrene group and tryptophan
residues were within reasonable distance to measure FRET, however, it was not possible
to distinguish between the results for each tryptophan residue. It should be noted that most
published examples of FRET indicate relative distances, rather than absolute calculated
distances (82-84). Based on these examples, it may not be possible to measure a discrete
distance between pyrene and each tryptophan residue. However, with optimized conditions
or perhaps a more appropriate acceptor fluorophore with spectral properties more similar

to those of tryptophan, it should be possible to measure very precise relative distances for
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each tryptophan residue. Collecting these measurements for an array of conditions
involving all three apelin isoforms with various surfactant micelles of known sizes might
allow for a more detailed description of the orientation of ARS5S5 in the micelle, as well as

the apelin binding site.

5.1. Future Work

Several different ideas for further examining apelin interactions have come out of this
work. Most of these ideas centre around mutagenesis and determining the factors most
strongly contributing to the interactions. It would be very interesting to synthesize
scrambled apelin sequences to see if the micelle interaction is affected by calculating the
corresponding Py value. If the Py value were to remain similar to native apelin sequences,
it might indicate that the interaction is mostly due to the overall charge of the peptide,
whereas if the Py value were to significantly change it might indicate that specific motifs
within the sequence (for example the RPRL motif) are responsible for the interaction. If
this were the case, it would be motivation to perform alanine scanning mutagenesis on the
native apelin sequence to examine the contribution of each residue to the peptide-
membrane interaction. Similar mutagenesis on the apelin sequence could also provide
information about the binding between apelin and ARS5 using FRET. Mutating regions of
ARSS or important residues like E20 and D23, could also provide useful information about
the binding interactions. Different fluorophores could also be conjugated to apelin using
the same labelling technique to select different spectral ranges or properties that may further

optimize the FRET experiments and allow for more precise distance measurements. A long-
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term project goal would be to label apelin peptides with a fluorophore that is a FRET D or

A for GFP to perform FRET experiments on full-length GFP-tagged AR in live cells.
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