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Abstract

Apelin, the endogenous ligand to the apelin receptor, is a small peptide involved with
cardiovascular regulation. Using nuclear magnetic resonance (NMR) spectroscopy, I
demonstrate that at low temperature, residues R6-L9 and G13-F17 of apelin are more
structured than the rest of the peptide. I also study the interactions of apelin with sodium
dodecylsulphate (SDS), dodecylphosphocholine (DPC) and 1-palmitoyl-2-hydroxy-sn-
glycero-3-[phospho-RAC-(1-glycerol)] (LPPG) micelles. Apelin binds to SDS micelles
through residues R6-L9, with structure being induced in this region as well as the C-
terminus of the peptide. The binding to micelles along with the corresponding change in
structure make it likely that apelin binds to the apelin receptor following the membrane
catalysis hypothesis. NMR spectroscopy was used to determine the structure of the N-
terminal tail and first transmembrane segment of the apelin receptor (ARS5) in DPC
micelles. ARS5 has two disrupted helices from D14-K25 and from A29-K57. The second
helix is the membrane spanning region of ARS55 and has a significant kink located at
N46. Mutagenesis of the apelin receptor and functional assays indicate that G42, G45 and
N46 are essential for the proper trafficking and function of AR. In the N-terminal tail, the
functionally critical residues E20 and D23 form an anionic face that could take part in
initial binding of apelin to AR. The structure of AR55 was also determined in SDS
micelles, LPPG micelles and a 1:1 water: 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
solution. Overall, the micelle spanning region of ARS55 has a consistent structure with a
kink near N46. The N-terminal tail of ARS5 is more variable, having similar structures in
the micelle conditions but being largely helical in 50% HFIP. NMR relaxation
experiments indicate that the N-terminal tail of ARS55 undergoes much more motion in
LPPG micelles compared to SDS and DPC micelles. Finally, I created a program named
MC-HELAN that characterizes the kinks that occur in protein helices. I used MC-
HELAN to analyze all non-redundant membrane protein structures as of March 2010.
Membrane protein helix kinks are remarkably common and diverse. Initial attempts to
predict membrane protein kinks using only the protein sequence were unsuccessful.
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Chapter 1:

Introduction

Although there are several different subjects discussed in this thesis, the overall theme
is the study of membrane proteins and their ligands. In particular, most of my studies are
focused on the apelin receptor (AR) and its ligand apelin. In this chapter I introduce the
basic physiology of AR as well as fundamental concepts of nuclear magnetic resonance
(NMR) spectroscopy, which will help the reader understand the methods employed in my
experimental work. After this introduction, I discuss the structure of apelin in solution
(chapter 2) and in a membrane bound state (chapter 3), which are based on previous
publications (1, 2, 3). I then focus on the structure of a fragment of AR (chapter 4) as
well as the effect that the membrane environment has on its structure (chapter 5). Finally,
I close with chapter 6, which is based on a previous publication (4) and discusses the

characteristics and causes of helix kinks that occur in membrane proteins.

1.1. G-Protein Coupled Receptors

1.1.1. Physiological Importance

Guanine-nucleotide binding regulatory protein (G-protein) coupled receptors (GPCRs)
are a large and diverse family of 7 transmembrane (TM) pass membrane embedded
proteins that are responsible for converting the extracellular signal of a ligand into an
intracellular signal. The importance of GPCRs is highlighted by their abundance, with
>750 different receptors identified in humans (5, 6, 7) and with about 500 estimated to be
important for odour and taste functions while the rest detect endogenous ligands (6).
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GPCRs are divided into 5 families (7, 8), which are named based on their hallmark
receptor (glutamate-, rhodopsin-, adhesion-, frizzled-, and secretin-like). The rhodopsin-
like and secretin-like families are also called class A and B GPCRs, respectively. Being
such a large and diverse family, it is not surprising that GPCRs bind a wide variety of
ligands including proteins (9), peptides and small molecules. Beyond their natural
physiological import, GPCRs are targeted by ~25% of current drugs (10) and have great

potential for pharmaceutical development.

1.1.2. GPCR Signaling

The canonical resting state GPCR signalling complex consists of the receptor bound to
a trimeric G protein (G., G,, G,, Figure 1.1). The G, and G, subunits form a G, heterodimer
that associates with the GPCR via the G, subunit. There are multiple isoforms of the G,,
G, and G, proteins, each of which having their own signaling specificity. In the resting
state signaling complex, the G. subunit is bound to guanosine diphosphate with the
intracellular loops of the GPCR forming a guanine nucleotide exchange factor domain
that contacts the G, subunit. After an agonist binds to a GPCR, the conformational
changes in the activated receptor cause guanosine diphosphate to be exchanged for
guanosine triphosphate. This results in dissociation of G, from the G, heterodimer (11).
After stimulation, the G-proteins are free to dissociate from the GPCR, but remain
membrane associated due to covalent lipid modifications to the G-proteins. Combined,
the G, subunit and G, heterodimer directly interact with and regulate a variety of
downstream effectors such as adenylyl cyclase (G.iand G.s), phospholipase C isoforms

(G.g11), RhoGEFs (G.i213) , and ion channels (G,) (12, 13, 14, 15, 16, 17). G-proteins



themselves have slow GTPase activity, so eventually the inactive form of the G-protein is
regenerated, allowing the resting state GPCR signaling complex to form again.

There are also mechanisms by which a GPCR can signal independently of G-proteins.
Activated GPCRs are targets for GPCR kinases, which phosphorylate the GPCR and
trigger the association of other proteins with the activated GPCR (18). The interaction of
B-arrestin with an activated GPCR 1is the best characterized interaction. After (3-arrestin
associates with a GPCR, internalization of the GPCR occurs, causing desensitization to
the ligand. B-arrestin also acts as a scaffold for other effectors, eventually resulting in
activation of the ERK signaling pathways (19). Other proteins that cause G-protein
independent signaling of GPCRs include the Jak family of kinases, Homer 1a and Na'-H"
exchanger regulatory factor (18).

Adding to the complexity of GPCR signaling, there is emerging evidence that the
dimerization state of a GPCR effects the signaling which occurs (20). The first
convincing evidence for GPCR dimerization was obtained for the y-amino-n-butric acid
receptor subunit 1 and 2 where a heterodimer of both subunits is required for effective
signaling to occur (21). Also, both TR, and T;R; receptors are required to
heterodimerize to provide taste function (22). The influence of dimerization with other
GPCRs can also be more subtle. For example, non-activated AR suppresses the function
of AT, while activated AR enhances AT, function (23).

Perhaps the most interesting phenomenon associated with GPCRs is biased signaling.
As mentioned above, GPCRs are able to signal not only through several types of G-
proteins but also through G-protein independent pathways such as B-arrestin. This causes

the observation that an inverse agonist for one pathway can act as an agonist for another



(22, 24). This greatly complicates studies of GPCRs because the results of a study can

depend strongly on the specific functional readout chosen.

1.2. Physiology Of AR And Apelin

AR 1is a rhodopsin-like GPCR that was identified in 1993 due to high sequence
similarity to the angiotensin II receptor type 1 (AT;, (25)). AR was not activated by
angiotensin-II and remained an orphan GPCR until 1999 when the endogenous peptide
ligand was discovered and named apelin (26). AR is a typical class A GPCR with 7 TM
spanning helices and has two putative extracellular disulphide bonds between C19 and
C281 as well as C102 and C181 (27). Finally AR is likely palmitoylated at C325 and
C326 while N15 and N175 are putative glycosylation sites (27).

Apelin is expressed as a 77 amino acid long preproprotein called preproapelin. After
translation, the N-terminal signal peptide is cleaved in the endoplasmic reticulum (28)
leaving a proprotein that is 55 residues long. Afterwards, through an unknown
mechanism, the proapelin is cleaved to produce a number of bioactive peptides which all
retain the C-terminus of the protein and range from 36-13 residues in length (Table 1.1,
(26, 29)). Apelin-13 is the isoform primarily found in plasma (30). Although the
generation of apelin isoforms remains a mystery, angiotensin-converting enzyme-related
carboxypeptidase has been found to cleave the C-terminal phenylalanine from apelin
isoforms, which provides a potential method for apelin regulation (31). While there is
currently no known functional role for the N-terminal fragments of apelin, the 12 C-
terminal residues of apelin constitute the core region essential for apelin function (32, 33,

34).



Since the discovery of AR, it has been shown to be widely expressed in humans, with
high levels in the central nervous system, cardiovascular system, adipocytes and many
other tissues (10). In some tissues both AR and apelin are expressed, suggesting an
autocrine or paracrine mode of action, however, expression of apelin in the pituitary
gland indicates there to likely be an exocrine function to apelin as well (28). AR signaling
occurs mainly through coupling to the G, (35) and G4 pathways (36). From this point
onwards, the activated G-proteins cause a signaling cascade which depends largely on the
cell and tissue type, but includes effectors such as phospholipase C (36), ERK (35), Akt
(37) and protein kinase C (38). AR also interacts with f-arrestin, which causes
internalization of the receptor after activation. Interestingly, the strength of the p-arrestin
association with AR depends on the isoform of apelin which causes activation (39),
suggesting that the various apelin isoforms have functionally distinct roles.

AR signaling has key roles in the cardiovascular system and is amongst the most potent
of identified inotropic agents, increasing heart muscle contractility with a half-maximal
effective concentration of ~33 pmol/L in rat heart (40). Blood plasma apelin levels are
correlated to heart failure progression (41). Adipocytes produce apelin and AR (42), and
there is a correlation between plasma levels of apelin and obesity in humans (42, 43) and
mice (42). Human immunodeficiency virus type 1 also uses AR as a co-receptor for CD4-
mediated viral fusion to host cells (44). Recent studies have shown that apelin induces
neoangiogenesis during tumour formation (45, 46), and AR knockout mice have
diminished atherosclerotic lesions despite lacking apolipoprotein-E, suggesting a role for

AR signalling in atherosclerotic plaque deposition (47).



In addition to its own functions, studies are beginning to tease out the interactions that
AR has with other membrane proteins. Non-activated AR suppresses the function of AT
while activated AR enhances AT, function (23). Also, the function of both AR and the K
opioid receptor are enhanced by the presence of the other receptor (38). As a whole, the
many functions of AR, either acting by itself or through other receptors, have made the
apelin-AR system popular as a proposed therapeutic target for obesity and cardiovascular

disease (28, 48, 49).

1.3. Structural Studies Of GPCRs

The determination of three-dimensional structures of GPCRs by NMR spectroscopy or
X-ray diffraction is very challenging given the poor applicability of many standard
protein overexpression protocols to membrane proteins, issues with low solubility,
difficulties in purification and the poor crystallizability of GPCRs (50).

Although GPCRs are difficult to characterize structurally, there have been recent
successes. Over the past few years, the use of X-ray crystallography has provided high
resolution structures for 8 distinct GPCRs, providing unprecedented insight into GPCR
function (51, 52, 53, 54, 55, 56, 57, 58). However, it is important to note that generally
the flexible N-terminal tail of the structure is not resolved. Also, the third intracellular
loop is often replaced by T4 lysozyme in order to facilitate crystallization (59).

NMR spectroscopy has also been used successfully to study GPCRs. There have been
many studies where fragments of GPCRs are studied following a ‘divide and conquer’
approach (reviewed in (60)). In the case of rhodopsin, the NMR based structure of many

individual fragments of rhodopsin have been modeled into a full length structure of the



receptor (61) that has a backbone atom root mean square deviation (RMSD) of less than
2.5 A to the published X-ray structure (60, 62). More recently, NMR spectroscopists have
attempted to determine the structure of full length GPCRs. NMR has been successfully
used to study the structure of sensory rhodopsin II (63). Although not a GPCR, this study
demonstrates that NMR spectroscopy is capable of determining the high resolution
structure of 7 TM pass receptors. There have also been many studies probing specific
questions about binding or dynamics of full length GPCRs using NMR spectroscopy but
fall short of actually determining a high resolution structure ((64, 65) reviewed in (60)).
Through structural studies, GPCRs have been shown to have several defining structural
features, the most fundamental being that they all have 7 TM helices with an extracellular
N-terminus and an intracellular C-terminus. Most of the solved GPCR structures are in
the presence of an antagonist or inverse agonist. In these studies it is clear that the faces
of the TM helices create the binding site for a ligand. Although this binding site is
accessible to solvent, entrance to the binding site is often regulated by the extracellular
loops of the receptor as well (66). However, instead of a set ligand binding pocket, the
specific residues and helices involved in ligand binding vary between GPCRs. For
example, in the CXCR4 structure (57) the ligand binds to TM segments I, II, IIT and VII,
which is different than observed in the (-2 adrenergic (66) and M-2 muscarinic (58)
receptors (TM segments III-VII). Since the ligand binding site occurs at the interface of
many different TM segments, it is clear that even slight changes in TM topology or helix
orientation can have a large influence on the binding site structure. It has been

hypothesized that the most structurally converged helices form the fundamental binding



site, while the more structurally variable helices (TM segments I, III and V) provide
binding site plasticity (66).

The extracellular loops of GPCRs are highly variable, in particular extracellular loop 11
can adopt either an a-helix or -sheet conformation (57, 66). Although the extracellular
loops do not contribute to the ligand binding site, they shape the entrance to it with the
aid of the N-terminal tail (66). With both the extracellular loops and the TM region of
GPCRs being important for ligand binding, a two-step model of GPCR-ligand binding
has been proposed for both class A chemokine GPCRs (67, 68) and class B GPCRs (69).
There is substantial evidence that following this two-step model, GPCR ligands initially
bind to the extracellular domain of the receptor and then penetrate deeper into the TM
domain in order to trigger activation (67, 68, 69, 70, 71). Perhaps the strongest evidence
for this scenario comes from Kofuku et al. who determine that the chemokine stromal
cell-derived factor-1 binds to its receptor CXCR4 in two stages with the central region of
the peptide binding first. The authors determine that the N-terminal region of the peptide
then binds and activates CXCR4 in an independent event (68).

The principles of G-protein activation by GPCRs have been more elusive to determine.
This is largely because it is clear that a spectrum of active GPCR conformations exist
(72). The best model of GPCR activation comes from the p2-adrenergic receptor where
structures of both nanobody (73) and G-protein (74) bound active states have been
solved. Through these studies it is clear that small structural changes that occur in the
ligand binding site during activation (2.1 A movement of TM V) are transduced into

large structural changes at the cytoplasmic side of the receptor (14 A movement of TM



VI). This displacement is facilitated through the packing interactions of residues from

TM segments 111, V, VI and VII.

1.4. Circular Dichroism (CD) Spectropolarimetry

CD spectropolarimetry is an excellent tool for the rapid determination of protein
secondary structure content. In CD spectropolarimetry, both left and right handed
circularly polarized light are passed through a sample. Asymmetric molecules will
preferentially absorb either left or right handed polarized light at specific wavelengths,
causing the light to be described as elliptically polarized (75). In proteins, if the peptide
bonds of the backbone are arranged into arrays, their optical transitions are split due to
'exciton' interactions (76). This results in a typical CD spectrum for various protein
structural elements. For example, an a-helix has a characteristic positive band at 193 nm
with negative bands at 208 and 222 nm (77). By collecting a CD spectrum and then
comparing the spectral features to those that are expected for various secondary
structures, the secondary structure composition of a protein can quickly be assessed either

visually or by using computer algorithms to calculate secondary structure content (78).

1.5. Using NMR Spectroscopy To Study Proteins

1.5.1. Basics Of NMR Spectroscopy

NMR spectroscopy has been instrumental in providing detailed structural information
on molecules for decades and is based on the principles of nuclear magnetism (79). NMR
spectroscopy relies on the interaction between nuclei that possess nuclear spin angular
momentum and an external magnetic field. Nuclear spin angular momentum is a
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fundamental property of a nucleus, and requires a non-zero value of nuclear spin.
Considering the typical nuclei in proteins, '>C and '°O have a nuclear spin of 0, while 'H,
BC and "N have a spin of 1/2 and “H and '*N have a spin of 1 (79). Since NMR relies on
a nucleus having spin angular momentum, it is not surprising that all nuclei with spin = 0
cannot be observed using NMR spectroscopy. On the other hand, nuclei with spin > 1/2
have complex interactions with the magnetic field, leading to complex spectra. For this
reason, in NMR spectroscopy the nuclei of the sample are often replaced with ‘NMR
friendly’ spin 1/2 nuclei. For example, in proteins the high natural abundance '>C (spin 0)
and "N (spin 1) nuclei are replaced with °C and "N.

If a nucleus has spin angular momentum, it also possesses a magnetic moment,
meaning it will act as a tiny bar magnet (80). In an external magnetic field (By), the
nuclear magnetic moment will tend to align itself with the magnetic field, causing the
sample to become magnetized in the direction of By until an equilibrium magnetization
(Mcq) is reached. Radiofrequency irradiation can then be used to apply a torque and
change the direction of M.q. Whenever M., is not parallel with By it will rotate about By,
This precession of M¢q about By occurs at a characteristic frequency called the Larmor
frequency:

wo = -YBo 1.1
o 1s the Larmor frequency in radians/second and y is the gyromagnetic ratio, which is a
constant for a given nucleus (80). As is clear from equation 1.1, the Larmor frequency is
influenced by the magnitude of By. It is critical to realize that although By is generated by

the static magnet of the NMR spectrometer, the magnetic field that a particular nucleus

10



experiences also depends on molecular structure. Electrons are able to partially shield the
nucleus from By and a simple modification of equation 1.1 can take this into account:
o = -yBo(1-0) 1.2
Where o represents a chemical shielding tensor for a particular nucleus (81). The result
of equation 1.2 is that most nuclei in a sample have a unique Larmor frequency due to the
unique chemical shielding that they experience. This allows NMR spectroscopy to act as
a sensitive probe of molecular environment for all of the chemically unique nuclei in a
sample.
At the most basic level, in an NMR experiment, radiofrequency pulses are used to
change the direction of M, so that it is not parallel to By, after which the Larmor

frequency of the nuclei are measured and plotted as By independent chemical shift values

(9).
1.5.2. Signal Overlap In NMR Spectroscopy

As mentioned above, NMR spectroscopy measures the Larmor frequency of the nuclei
in a sample. In polypeptides larger than just a few residues, there is a problem as the
sheer number of NMR active nuclei causes the peaks in a typical one-dimensional NMR
spectrum to be overlapped and unusable for structural analysis (Figure 1.2 (A)). The
practical solution for this is to correlate the NMR measurement between multiple nuclei,
which increases the dimensionality of the experiment. For example, in the 'H-"N
heteronuclear single quantum coherence spectroscopy (HSQC) experiment the nuclear
magnetization is transferred from 'H to "’N and then back again for signal detection (80,

82). This means that only 'H nuclei that are able to transfer magnetization to a >N
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nucleus are detected in an HSQC experiment. In addition, each measured signal has both
the "H and "N frequencies associated with it. By plotting both frequencies along the x
and y axes, a crowded one-dimensional spectrum becomes a better resolved two-
dimensional spectrum (Figure 1.2 (B)). This concept can also be extended to higher
dimensionality. For example, an HNCO (83) experiment relies on the transfer of
magnetization between the amide proton, ’N amide and the ">C carbonyl carbon in a
protein. Since magnetization is transferred between these three nuclei, the resulting signal
has 'H, °C and "°N frequencies associated with it. Plotting these data in three dimensions

results in a further decrease in signal overlap and is very amenable to analysis (Figure 1.2

(©)).
1.5.3. Sequential Assighment Of Protein NMR Spectra

In this section and subsequent sections, I will be using the Greek alphabet
nomenclature as used in Cavanaugh to describe the nuclei of amino acids (82). In this
nomenclature the backbone nitrogen, carbonyl carbon and alpha carbon are referred to as
N, CO and C- respectively. The side chain heavy nuclei are annotated a similar way with
the Greek letter incrementing through the Greek alphabet further out in the side chain.
For example, the carbon connected to C- is Cr. Protons are designated based on the carbon
they are attached to (e.g. H is covalently bound to C-). Finally H" corresponds to the
backbone amide proton.

Although each NMR active nucleus in a sample is capable of producing an NMR
signal, identifying which specific nucleus is responsible for each NMR signal is a

difficult task that requires extensive analysis to determine. There are several techniques
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used to assign protein NMR spectra, but all of them rely on the fundamental principle that
different nuclei have different expected chemical shifts. Each amino acid has expected
chemical shifts based both on the size of the amino acid and its unique chemical
composition (e.g. the C- and Cr shifts, Figure 1.3, (84)). Although the example shown is
for C- and C' chemical shifts, any combination of chemical shifts can be used to help
identify a spin system.

A common experiment which allows NMR resonance assignment is correlation
spectroscopy (COSY). In 'H-'"H COSY, magnetization is transferred between protons
which are connected to each other through chemical bonds (no more than 3). For
example, an H" is able to transfer its magnetization to H+, and H- transfers its
magnetization to both H™ and Hr. In this way, all of the proton resonances of an amino
acid can be assigned. A similar experiment to COSY is total correlation spectroscopy
(TOCSY (85)). In homonuclear '"H TOCSY experiments, the magnetization from a
proton is transferred to all other protons that are connected to it through chemical bonds.
So long as every heteroatom (generally ">C or '°N) between two protons has at least one
proton attached to it, magnetization may be transferred (Figure 1.4 (A)). For both COSY
and TOCSY experiments, in the case of an amino acid all of the protons of an amino acid
interact with each other and form a “spin system” (Figure 1.5). In the case of proteins,
each residue conveniently forms its own spin system. This is because the backbone
carbonyl carbon of each peptide bond has no attached protons and prevents COSY and
TOCSY magnetization transfer between residues. After each spin system is identified, the
amino acid type of each spin system can be determined based on the chemical shifts and

number of resonances in the spin system. After this step, nuclear Overhauser effect
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(NOE) spectroscopy (NOESY) experiments are acquired. In NOESY there is direct
transfer of magnetization from one nucleus to another through space (Figure 1.4 (B), (80,
82)). Residues that neighbour each other in the sequence are also close in space and will
have cross peaks to each other in NOESY spectra. In particular, through-space
connections are generally seen between the H" nuclei with the H: and/or Hr nuclei of the
preceding residue (82). Through the use of TOCSY and NOESY experiments, sequential
assignment can be completed for many proteins.

Another approach to sequential resonance assignment is called the main chain directed
approach (82), commonly known as the ‘backbone walk’. This approach relies on the
collection of complementary three-dimensional experiments such as the HNCO (83) and
HNcaCO (86) experiments (Figure 1.6). Similar to TOCSY, these experiments rely on
the direct transfer of magnetization to neighbouring nuclei through chemical bonds. In
the HNCO experiment, a correlation is produced between the amide nitrogen and amide
proton of a residue (i) to the carbonyl carbon of the residue before it (i-1) giving a signal
in three dimensions with resonance frequencies corresponding to the 'H, °C and "N
nuclei. In the HNcaCO experiment, the same amide proton and amide nitrogen correlate
to CO of both residue i-1 and 1. In this way, by looking at both HNCO and HNcaCO
spectra, the ordering of the spin systems becomes apparent (Figure 1.7). There are other
paired experiments that correlate to the chemical shifts of the C- (HNCA (83), HNcoCA
(87)) or the C- and C* (HNCACB (88), HNcoCACB (88)) in the place of the CO chemical
shift. Note that for these experiment names I use capital letters to denote nuclei that have
their chemical shift detected, while lowercase letters denote nuclei used solely for

magnetization transfer. Side chain assignments of the individual spin systems can be
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accomplished either through these three dimensional experiments or through the COSY
and TOCSY types of experiments as discussed earlier. Compared to using only
TOCSY/NOESY spectra for assignment, the backbone walk has the distinct advantage of
directly telling the spectroscopist the order in which spin systems are connected to each

other.

1.5.4. Using NMR Spectroscopy To Determine Protein

Structure

As mentioned previously, the NOE allows for the direct transfer of magnetization from
one nucleus to another through space (Figure 1.4 (B), (80, 82)). The amount of
magnetization that is transferred between nuclei is proportional to the distance between
them. Specifically, in a NOESY spectrum the peak volume is related to the distance (1)
between the nuclei by a factor of r®. Each peak in a NOESY spectrum can be used to
define a specific distance restraint between two nuclei, where 5-6 A is generally
considered to be the maximum distance over which the NOE may act (80). After
assigning an entire NOESY spectrum, there may be thousands of distance restraints
implied between the nuclei in the sample.

In order to deal with these data, computer programs such as XPLOR-NIH (89, 90),
CYANA (91) and CNS (92) are used to generate molecular structures in agreement with
these restraints. Although many software packages have been developed, most of them
are based on a simulated annealing protocol (93, 94). The steps of structure calculation

based on simulated annealing are:
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1) Start with a basic structure of the protein of interest, initially this can be an extended

polypeptide with the correct sequence.

i1) Make small random changes to the basic structure to create a new protein structure.

1i1) Check this new structure against all of the known distance restraints.

1v) If the structure fits the distance restraints better than the previous structure there is a

chance that it will be kept as the new basic structure. The probability that a
structure will be retained often varies throughout the simulated annealing
protocol.

v) Repeat this process thousands of times.

An important concept to note is that the generation of NMR structures relies on random
changes to a starting structure. This means that no two NMR structures are alike, even if
identical distance restraints are used. For this reason, NMR structures are represented as
ensembles of structures (Figure 1.8), all of which ideally satisfy the experimental
restraints. This contrasts strongly with structures generated using X-ray crystallography,
where only one structure is often presented even though the electron density can

sometimes accommodate alternate configurations.

1.6. Rationale And Objectives

As indicated above, apelin-AR signaling is important for several medically relevant
processes. When I began this work, there were no AR agonists or antagonists other than
those derived from the apelin peptides. Drug development can be guided by the structure

of the target and there is very little structural data about both apelin and AR. With the
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strong structural biology background in the Rainey laboratory, the apelin-AR system is a
great candidate for study.

The objective of my work was to use biophysical techniques to characterize apelin and
AR. When this work began there was very little structural information about GPCRs and
their ligands, with only the structure of bovine rhodopsin being known (54, 61). By
studying apelin and AR I set out to provide new insights into how ligands may interact
with GPCRs. Furthermore, by determining the structure of apelin and AR I will provide

the structural data required for intelligent drug design.
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Table 1.1: The sequences of the predominant bioactive forms of human apelin. The
functionally essential apelin-12 C-terminal region is bolded in each peptide sequence.

Peptide Sequence

Apelin-36 H,N-LVOPRGSRNGPGPWOGGRRKFRRORPRLSHKGPMPF-COOH
Apelin-17 H,N-KFRRORPRLSHKGPMPF-COOH
Pyr-apelin-13* HN-pyr-RPRLSHKGPMPF-COOH
Apelin-13 H,N-ORPRLSHKGPMPF-COOH
Apelin-12 H,N-RPRLSHKGPMPF-COOH

* pyr represents the amino acid pyroglutamate.
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Phosphate

Signaling

Figure 1.1: The GPCR signaling cycle. When in the resting state, the G, as well as G,
heterodimer are associated with a GPCR (A). When a ligand binds to and activates the
GPCR, a conformational change occurs and GDP is exchanged for GTP (B). The G. and
G, proteins are then free to dissociate from the GPCR and interact with various effector
proteins (C). Eventually the GTP is hydrolysed to GDP and signaling stops (D) allowing
the resting state complex to reform.

19



.i‘ji
) ‘LI | .
o L | 5.0e4
(- (1 .
! ﬁ,.'“" b =
HE RN [
i g i c
I i [ Y 2
J\;“I V VY 1l b I | 2504 £
J,i' Y W [
ML ]
| Vi A
' /\
0.0
9.0 8.5 8.0 75 7.0
Bo v @ W |
105
[5) fo o »
'y B
. ) "
A -
N é"@? ;) —110
. 0 @ . -
o W o) [ ¢
ol s &
- Qe @-——-f-4-115 2
% i o o
) 8 B
& -z
; 120
125
170
= —
- £
= _ L S
= B 8
< “’.;g = B §
. o l1e0 °
8 N =115 ppm L
| . | | |
9.0 85 8.0 75 7.0

'H & (ppm)

Figure 1.2: Resolving the problem of spectral overlap using multidimensional NMR
spectroscopy. In (A), a one dimensional 'H spectrum is shown, while in (B) a two
dimensional 'H-""N HSQC spectrum is displayed. In panel (C) a slice from a three
dimensional HNCO spectrum is shown. The chemical shift of the '’N dimension in (C)
corresponds to the dashed line in (B).
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Figure 1.3: The expected chemical shifts of C- and Cr nuclei for the 20 naturally occurring
amino acids. The darker the blue or red colour, the more likely a particular nucleus will
be found at a chemical shift. This table was made with the use of CCPNMR Analysis
(95) using the chemical shifts in the Re-referenced Protein Chemical Shift Database (96).
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Figure 1.5: Comparison of TOCSY and NOESY spectra. Shown is slice of a TOCSY-""N
HSQC spectrum (black) and a NOESY-""N HSQC spectrum (red) at a '°N frequency of
129.8 ppm. Notice that the peaks in a TOCSY spectrum all are the same residue, while
for the NOESY spectrum a peak results from all nuclei that are close together in space.
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Figure 1.6: A comparison of the HNCO and the HNcaCO experiments. Magnetization
transfer is indicated by red arrows and the nuclei surrounded by a red box have their
chemical shift observed. Both residue i and i-1 are indicated. In the HNCO experiment,
magnetization is transferred from N of residue 1 to the CO of residue i-1. In the HNcaCO
experiment, the magnetization is transferred from the N of residue i to both i-1 and i CO
nuclei through the C- nuclei.
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Figure 1.7: Assigning spin systems using the backbone walk method. The HNCO (blue)
and HNcaCO (red) spectra are shown. In HNCO only one peak from residue i-1 is
visible, while in the HNcaCO two peaks corresponding to residue i-1 and i are present.
'H and "C chemical shifts are indicated on the x and y axes respectively, while the
chemical shift of the associated '°N nucleus is indicated in the lower left corner of each
rectangular strip of the figure.
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Figure 1.8: Comparison of (A) a single X-ray crystal structure to (B) a NMR ensemble of
structures for E2-like ubiquitin-fold modifier conjugating enzyme 1 (97).
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Chapter 2:
The Structure Of Apelin In Solution
(Based On My Contribution To

Manuscript (1))

2.1. The Potential For Apelin Structure

The region of apelin required for binding to and activation of AR, as demonstrated
using truncation mutants, is the C-terminal peptide apelin-12 (Table 1.1, (98)), and the C-
terminal phenylalanine is critical according to a number of studies (33, 34, 99). Alanine
scanning mutagenesis on apelin-13 was published almost simultaneously by two groups
((32, 33), also discussed in (100)). As a whole the mutagenesis studies indicate that most
of the 12 C-terminal residues of the apelin isoforms are essential for function. This
mutagenesis data and the fact that the apelin peptides (Table 1.1) having at least the 12 C-
terminal residues in common are specific ligands for AR (33, 44, 98) suggests that the 12
C-terminal residues of apelin adopt a specific structure to allow binding and activation of
AR to occur. Despite this precedence, apelin-13 and apelin-36 adopt a “random
conformation” in solution based on studies by CD spectropolarimetry (32). CD
spectropolarimetry is an ensemble sum measurement, meaning that structures that only
populate a few residues or lower proportion of molecules may not be clearly visible. With
this in mind, B-turns and polyproline-II (PPy) are secondary structures potentially

consistent with the reported CD spectra (32).
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Both B-turns and PPy have been associated with receptor-ligand binding. First, it has
been hypothesized that B-turns are ubiquitous and important for GPCR binding peptides
(101). Second, PPy is often found in short “unstructured” peptide ligands as indicated by
many of these peptides having CD spectra which are PPy in nature (102). PPy is also
postulated to play a critical role in intermolecular interactions in part since its extended
nature easily allows the side chains to interact with a binding surface (102, 103). The CD
study by Fan et al. was conducted at ambient temperature, and it is reasonable to expect
that a short peptide at ambient or physiological temperature will be free to undergo a
great deal of conformational sampling (104), allowing access to many structural

elements.

2.1.1. Using NMR Spectroscopy To Study Small Peptides

NMR spectroscopy is an ideal method for studying the structure and dynamics of small
peptides such as apelin (104, 105). The chemical shifts of the nuclei themselves can be
used to predict peptide secondary structure since chemical shift has a strong dependence
on secondary structure (106). In addition, the use of NOESY experiments provides
structural information on a per-residue basis. This allows small regions of converged
structure to be accurately characterized in a peptide, even if the rest of it is unstructured.
The final structural ensemble generated for peptides or proteins will often contain several
different conformations, each of which may be important in some aspect of function
(107).

To promote the formation of peptide conformation(s) relevant to receptor binding, a
favoured strategy is the use of lowered temperature (0-8 °C) to allow increased sampling

of entropically disfavoured states through reduction of the entropic contribution to Gibb’s
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free energy, i.e., TAS in AG = AH - TAS (105, 108, 109). Also, at low temperatures the
formation of hydrogen bonds is favoured and can help pay the entropic penalty of
adopting a restrained structure (110). Isolated peptidic ligands at low temperature have
been shown to adopt the same structure as the bound-state (111) and several different
peptides activating the chemokine GPCR CXCR4 show the same structuring at low
temperature (108).

The apelin-AR system is a promising target for therapeutics, and small molecule (44)
and peptide (112) based drug design will be facilitated by high-resolution structures for
apelin and AR. In this chapter, I present NMR data for a variety of apelin peptides at both
physiological and low temperatures allowing determination of the bioactive structure of
apelin. These results are placed into a functional context through correlation with

previous mutagenesis studies.

2.2. Materials And Methods

2.2.1. Materials

Pyroglutamate modified apelin-13 (pyr-apelin-13), was obtained from AnaSpec (San
Jose, CA). Deuterium oxide (D,O; 99.8 atom % D) and D,O containing 1% (w/w)
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) were obtained from C/D/N
isotopes (Pointe-Claire, QC). All other chemicals were obtained at biotechnology, high
performance liquid chromatography (HPLC) or reagent grade, as appropriate, from

Sigma-Aldrich Canada Inc. (Oakville, ON).
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2.2.2. Peptide Synthesis & Purification

Peptide synthesis of apelin-12, -13 and -17 (Sequence of apelin-17 is KFRRQRPRLS
HKGPMPF, Table 1.1) was carried out by Dr. Jan Rainey following standard protocols
(1, 113). After lyophilization, each reaction mixture was dissolved in water and examined
by analytical reversed-phase HPLC (Beckman System Gold, Fullerton, CA) using a
water:acetonitrile (A:B) gradient with B progressing from 2 to 80% on a C;g column (5
um particle, 4.6 mm x 250 mm Spirit Peptide column, AAPPTec) monitored at 210 nm.
A semi-preparative Cig column (5 pm particle, 10 mm x 250 mm Spirit Peptide column,
AAPPTec) was used for purification. Final product purity was assessed with HPLC
(Figure 2.1). Product masses and amino acid composition were confirmed by positive
mode electrospray ionization mass spectrometry (Figure 2.2, DalGen Proteomics Core
Facility, Halifax, NS) and quantitative amino acid analysis (Alberta Peptide Institute,
Edmonton, AB and Hospital for Sick Children, Toronto, ON), respectively. For amino
acid analysis, exact quantification was achieved using a weighted average of the arginine,

proline, leucine and phenylalanine content in the sample.

2.2.3. NMR Spectroscopy

Solutions of apelin-12, apelin-13, pyr-apelin-13 and apelin-17 were prepared with 3-4
mM peptide in a 90% H,O/ 10% D,0O mixture with 20 mM Na'CD;COO", 1 mM NaNj,
and 1 mM DSS as an internal standard. Sample pH in all cases was adjusted to 5.00 +
0.05 using DCI and NaOD. NMR experiments were performed at the Atlantic Region
Magnetic Resonance Centre (ARMRC, Halifax, NS) on a 500 MHz Bruker AVANCE

spectrometer (Milton, ON) and the National High Field Nuclear Magnetic Resonance
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Centre (NANUC, Edmonton, AB) on 500, 600 and 800 MHz Varian INOVA
spectrometers (Palo Alto, CA). The 800 MHz spectrometer is equipped with a
cryogenically cooled probe. One-dimensional 'H, natural abundance gradient enhanced
'H-"*C HSQC, 'H-'H NOESY (400 ms mixing time), '"H-"H TOCSY (60 ms mixing time
with DIPSI spin lock) and double-quantum filtered COSY experiments were acquired for
apelin-17 at 5 °C and 35 °C. Detailed acquisition parameters are found in Table 2.1. Note
that the data for apelin-13 at 35 °C were acquired and analyzed by Dr. Jan Rainey and are
not included. Similar sets of experiments were performed for the other peptides except
that 'H-'"H ROESY (200 ms mixing time) replaced the NOESY experiment, and for
apelin-12 and pyr-apelin-13, experiments were completed at 6 °C instead of 5 °C due to
instrumental constraints. NMR data were processed using NMRPipe (114) and manually
assigned in Sparky 3 (T.D. Goddard and D.G. Kneller, University of California, San

Francisco).
2.2.4. Structure Calculation & Ensemble Analysis

Peak volumes for NOESY spectra of apelin-17 were estimated using Sparky’s
integration algorithm with Gaussian line shapes and no peak motion allowed. For peaks
where this algorithm failed, the sum over ellipse method was used (T.D. Goddard and
D.G. Kneller, University of California, San Francisco). Peak volumes for both Gaussian
and sum over ellipse fits were independently calibrated so that the smallest volume
represented a 6 A distance while the largest volume peaks represented a 1.8 A distance.
Peaks were binned by volume to be strong (1.8-2.8 A), medium (1.8-4 A), weak (1.8-5
A) or very weak (1.8-6 A). The python scripting interface of XPLOR-NIH version 2.18

(89) was used for simulated annealing structure calculations. Ambiguous assignments
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were accommodated with the XPLOR-NIH 'or' statement. The NOE term used a square
well potential with a scaling factor of 20 for the high temperature stage that was ramped
from 1-30 for the cooling stage. The J coupling potential used a scaling factor of 10
throughout the protocol. Families of structures were generated through simulated
annealing using a high temperature stage at 3500 K for 20 ps and a cooling stage going
from 3500 K to 100 K over 20 ps. For both the high temperature and cooling stage, 10 fs
time steps were used.

Three apelin-17 structural ensembles were refined and calculated: one for the NMR
data at 35 °C and two separate conformers based on the 5 °C data. The two structural
ensembles for the 5 °C NMR data were produced using two separate sets of NOE
contacts assignable to apelin-17 conformers in slow conformational exchange in the G13-
F17 region (Figure 2.3). For all cases, NOE restraint refinements were performed through
iterative calculation of 100-member structural ensembles. Briefly, ensembles were
analyzed using an in-house tcl/tk script that calculated the magnitude and frequency of
violating NOEs. Starting from a violation length of >0.5 A in >50% of ensemble
members, the stringency was gradually increased to a final value of 0.05 A in 15% (35
°C) or 10% (5 °C) of ensemble members until the average energy of each ensemble
reached a consistent minimum (iterative structure calculation statistics shown in Table
2.2). A final ensemble of 200 structures was calculated, with the 80 lowest energy
structures retained for analysis. In addition, simulated annealing of apelin-17 without
inclusion of any experimentally derived restraints was used to generate an ensemble of

1000 random structures. This was used as a control for both meaningful RMSD values of
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the peptide backbone atoms and for frequency of B-turns and PPy in an unrestrained
peptide.

For each final ensemble of structures: (i) Procheck-NMR (115) was used to tabulate
residues in favoured, allowed, generously allowed and disallowed areas of the
Ramachandran plot; (ii) an in-house tcl/tk script was used to determine the residues with
dihedral angles corresponding to a PP;; conformation according to (¢, ) definitions of -
90°<¢=-20° and 50°<y=<240° derived by Best et al. through statistical analysis of the
Protein Data Bank (116); and (iii) Promotif-NMR was used to determine frequency and
location of B-turns (117). The LSQKAB software of the CCP4 suite (118) was used to
iteratively superpose the clusters over 4-17 residue stretches while an in-house tcl/tk
script was used to calculate the RMSD of the backbone atoms compared to a
representative structure within the superposed region. The most converged areas,
determined by comparison to RMSDs calculated for the ensemble of 1000 unrestrained
apelin-17 structures described above, were analyzed for preferred conformation within
the ensemble using Clusterpose (119). RMSD values for each cluster based upon the R1,
R2 and R4 methods of Clusterpose (119) were parsed into NEXUS format (120) by an in-
house python script and visualized as phylograms using Figtree (A. Rambaut, University
of Edinburgh). A group of structures were considered to be part of the same cluster if: (i)
the R1, R2 and R4 clustering methods all placed these structures into nearly or exactly
the same cluster; (ii) the resulting cluster constituted >10% of the total ensemble; and (iii)
the increase in RMSD caused by superposing one cluster onto another is large compared
to the RMSD of structures within a cluster. Pymol (Delano Scientific, San Carlos, CA,

USA) was used for molecular visualization. Chemical shifts, restraint files, and the final
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80-member ensembles for apelin-17 at 35 °C and for conformers A and B of apelin-17 at
5 °C have been deposited at the BioMagResBank (121) using SMSDep (BMRB

Accession Codes 20029, 20030 and 20031).

2.3. Results And Discussion

2.3.1. Apelin Adopts Multiple Conformations In Solution

For apelin-17 as well as the shorter apelin peptides examined, slow conformational
exchange was apparent at both 5 °C and 35 °C in the C-terminal region (residues G13-
F17 of apelin-17). This gave rise to multiple spin systems for each of these residues, with
a clearly predominant conformer and multiple minor conformers (example shown for
M15 in Figure 2.3). Based on peak areas in 1D 'H and volumes in 2D 'H-'H TOCSY
spectra, ~80% of the apelin-17 adopts one conformation at (Conformer A) and the other
~20% adopts another conformation (Conformer B) at 5 °C. This estimate neglects the
other less populated conformations that are estimated at a combined total of <5% for all
remaining conformers.

The conformational sampling was isolated to G13-F17, a region containing two proline
residues. Proline is unique in that its cis-trans peptide bond isomerization is much more
favourable than for any other amino acid due to its cyclic nature. In protein structures,
5% of X-proline peptide bonds are in a cis conformation compared to 0.3% of all other
peptide bonds (122). With this in mind it is clear that proline peptide bond isomerization
may be responsible for the observed conformational sampling in apelin-17. Schubert et
al. (123) show that an accurate indicator of the proline N-terminal peptide bond

isomerization state can be determined using:
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APC = 8(C)-8(C) 2.1
where 0(Cr) and 0(C) are the chemical shifts of the indicated proline nuclei. Using this
metric, the N-terminal peptide bonds of P14 and P16 are both in the trans form in
conformer A (A”C (P14) = 4.97 ppm, ABC (P16) = 4.64 ppm) and in the cis form in

conformer B (A*C (P14) = 9.53 ppm, A"°C (P16) = 9.81 ppm).

2.3.2. Generation Of Apelin-17 Structural Ensembles At

5 °C And 35 °C

Sequential assignment (124) of apelin-17 resonances at 35 °C and 5 °C was carried out
using natural abundance gradient-enhanced 'H-">C HSQC and homonuclear TOCSY,
NOESY and DQF-COSY experiments. Based on NOE build-up measurements (124), a
400 ms mixing time was deemed optimal for the NOESY experiment on apelin-17.
Apelin-12, -13, and pyr-apelin-13 were also sequentially assigned at both temperatures
using "H-">C HSQC, TOCSY and ROESY experiments. Nearly complete 'H and "*C
resonance assignment was possible at both 35 °C and 5-6 °C for all forms of apelin
(Table 2.3).

The shorter apelin peptides are in the molecular weight range where the NOE is
minimal (124), meaning that NOESY experiments are not viable. ROESY spectra of
these peptides are highly overlapped. When combined with convolution of the oppositely
phased J-coupled vs. dipolar coupled peaks, ROESY assignment was greatly hindered.
Hence, full structural analysis and calculation using NOESY assignments and 3JHNH“
couplings was pursued only for apelin-17. NOE assignments for the major conformer

(conformer A) and for the most populated minor conformer (conformer B) were made for
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apelin-17 at 5 °C, but not at 35 °C due to a lack of observable NOE contacts arising from
the lower-intensity resonances. Each conformer shows distinct sets of sequential and

medium (|i - j| = 4) range NOE contacts over residues G13-F17 (26 for conformer A and

10 for conformer B; Figure 2.4), with K12 showing NOE contacts to G13 of both
conformer A and B.

For apelin-17 at 35 °C and conformers A and B at 5 °C, Table 2.2 displays a summary
of the NOE and DQF-COSY based 3JHNHQ coupling restraints used as well as average
energies and violations of the final 80-member ensembles (80 lowest energy members
from 200 calculated structures) of apelin at 5 °C and 35 °C. Notably, almost double the
number of NOE contacts was observed at 5 °C vs. 35 °C (Table 2.2) with NOE contacts
spread along the length of the peptide (Figure 2.4). Graphical summaries of NOE
restraints (Figure 2.5) show connectivity over the length of the peptide at both 5 °C and
35 °C without the hallmark features of a-helix or B-sheet structure (124).

Chemical shifts for apelin-17 at both 35 °C and 5 °C (Figure 2.6) show no continuous
deviation from random coil values (84). This is not surprising given the strong random
coil of CD spectra presented in the literature (1, 32). Although *Jinn. coupling values
were measured and used as restraints (with minimal violations in final structural
ensembles, Table 2.2) at both 35 °C and 5 °C, most residues still displayed large average
deviations for their dihedral angles (Figure 2.7). Very low dispersion was observed for
the dihedrals of the proline residues, as would be anticipated based on the restriction in
conformation imparted by the cyclized side-chain of proline (102). Several type I, I, VI,

VIII and many type IV B-turns were detected by Promotif-NMR (Table 2.2, (117)). A
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significant proportion of residues found in “disallowed” regions of the Ramachandran

plot (Table 2.2) is consistent with regions having high type IV p-turn prevalence (125).

2.3.3. Some Sections Of Apelin-17 Are Structured

The apelin-17 ensembles did not demonstrate consistent structuring over the length of
the peptide. Rather, a great deal of conformational sampling is apparent. Building on
analysis methods detailed previously (104, 126), superposition of each structural
ensemble was carried out over 3-6 residue regions starting on each amino acid of apelin-
17. Backbone RMSD values for each superposed region were compared to those of a
large (1000 member) apelin-17 ensemble calculated without any NOE or *J-coupling
restraints to determine those segments with RMSDs that are significantly better than the
unrestrained ensemble (i.e., RMSD of the unrestrained ensemble higher than the RMSD
+ average deviation of NMR ensemble). This analysis demonstrates clear regions of
structural convergence in each apelin-17 ensemble (Figure 2.8, K1-R4 at 35 °C, R6-L9 in
all ensembles and G13-F17 or P14-F17 at 5 °C). Note that in some cases, a 4 residue
superposition neighbouring well-converged regions (F2-Q5 neighbouring K1-R4 at 35 °C
and Q5-R8 neighbouring R6-L9 for conformer A at 5 °C) have lower RMSD than the
1000 member ensemble. However, extension of these two superpositions to 5 residues
showed poor structural convergence. I therefore treat only the lower of a pair of
neighbouring RMSDs as a truly converged segment. The neighbouring superposition
with decreased RMSD is driven to this value through its proximity to the better
converged structure. Note that although conformer B at 5 °C does not display a well
converged structure over residues K1-R4, unlike conformer A at 5 °C, the error in RMSD

for conformers A and B overlap. This implies that the ensemble of structures for
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conformer B is just marginally less converged than in conformer A in this region and is
likely due to slight differences in the iterative NOE refinement of these two ensembles or
the choice of reference structure for RMSD calculation.

Increased apelin-17 structuring upon temperature decrease, as indicated by more NOE
contacts and lower RMSD values, was somewhat unexpected in light of NMR chemical
shift comparisons. In particular, NMR chemical shifts are minimally different between 35
°C and 5 °C (Figure 2.6), indicative of minimal secondary structuring change. Note that a
well-defined structuring of the C-terminus at 5 °C would also not normally be
anticipated, since polypeptide termini are typically less structured than the remainder of
the polypeptide (124). The two proline residues help structure this region through
reduced conformational freedom due to their cyclic nature (102). Further evidence for the
convergence of F17 comes from CD spectropolarimetry studies completed in the Rainey
lab where at low temperature positive bands appear at ~194 nm which are attributed to
side chain transitions of F17. These bands are much more apparent at 5 °C where F17 is
presumably structurally constrained (1).

There is an increased proportion of PPy; conformation in the structural ensembles at 5
°C vs. 35 °C (Table 2.2 and Figure 2.9 (B)). PPy occurrence in all three apelin-17
ensembles is highest at R4, R6-L9, H11 and P14-M15, while S10, which is not
converged, shows the least evidence of PPy (Figures 2.9 and 2.10). Imposing PPy
dihedral restraints (using -110° < ¢ =< -40° and 130° <y =< 180°, (127)) on a residue-by-
residue basis did not reduce mean ensemble energy, suggesting that the PPy content of
these regions is persistent but not fixed. Note that the PPy; restraints placed upon residues

during simulated annealing were stricter than the bioinformatically observed PPy region
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of Best et al. (116) used to detect the presence of PPy in the ensemble of structures
(Figure 2.9 (B)). A slight increase in PPy content of apelin-17 at 5 °C has also been
observed through CD spectropolarimetry in the Rainey lab. Although this band is
convoluted by side chain transitions from F17, in a F17A apelin analogue there is still a
slight PPy; appearance to the CD spectra at 5 °C (1).

B-turns (mostly Type IV) were frequently observed in the final ensembles (Table 2.2
and Figure 2.9 (A)). In comparison to B-turn occurrence in the unrestrained ensemble of
1000 apelin-17 structures, the prevalence of p-turns is highest over the C-terminally
converged region and elevated over R6-R8 (shown schematically in Figure 2.11 and
detailed in Figure 2.9 (B)). Therefore, both PPy and B-turns are prevalent in the most
structured regions of apelin-17. Since PPy has been proposed as an important motif for
intermolecular interactions (103) and f-turns have been proposed to be a common motif
recognized by GPCRs (101), the two structurally converged regions of apelin-17 at 5 °C

are likely candidates for specific binding to AR.

2.3.4. The Structured Regions Of Apelin-17 Are Clustered

Into Several Conformations

Examination of the structurally converged regions (K1-R4, R6-L9 for apelin-17 at 35
°C; and R6-L9 and G13-F17 for 5 °C data) demonstrated regions of preferred backbone
conformation in each converged region within each ensemble. Therefore, cluster analysis
(119) was performed on these regions (Figure 2.12). In order to consider a clustering
result significant for further analysis, the cutoff was imposed that the final clusters must

each contain >10% of the ensemble members. According to this cutoff, the G13-F17

39



region in both conformers A and B of apelin-17 at 5 °C was clustered (Figures 2.10 (B,C)
and 2.13). No other structurally converged region contained significant clustering. Details
of the observed clustering and cluster properties are provided in Table 2.4, with side

chain RMSD values of the heavy side chain atoms of these clusters in Figure 2.14.

2.3.5. The Smaller Apelin Isoforms Have A Similar

Structure To Apelin-17

The striking similarity of the H+, C- and Cr chemical shifts of the shorter apelin peptides
to those of apelin-17 (Figures 2.15 and 2.16) suggests that the structure observed in
apelin-17 (Figure 2.10) is retained in the smaller apelins. This is not surprising given that
all forms of apelin bind to and activate AR, but is the first experimental evidence that the
functionally critical apelin-12 region has a defined structure retained between apelin

1soforms.

2.3.6. Structure-Function Correlation Of Apelin

The residues in apelin (discussed here with apelin-17 numbering) that are critical for
binding and activation of AR are highlighted in Figure 2.11. These structural results
provide a new context for the previous mutagenesis studies of apelin. Residues in the
structurally defined segments at 5 °C (Figure 2.10 (B,C)) correspond very well to the
functionally critical regions identified in the literature (Figure 2.11, (32, 33, 34, 98, 99)).
The NMR data supports the idea that R6-L9 are functionally important because of the
specific backbone structure they adopt at both 5 °C and 35 °C. Fan et al. found S10 and
K12, found here to be in the flexible linker between structured regions (Figure 2.10), to

be functionally important but not critical (32). These residues may facilitate interaction
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between apelin and AR, without being essential for binding or activation. A specific
structuring in this region, not observed here, may also take place once the receptor-ligand
complex is formed. Finally, the importance of G13, P14, M15 and F17 is echoed in the
well-converged structure over these residues at 5 °C (Figures 2.8 and 2.10 and clustering
details in Table 2.4 and Figures 2.13 and 2.14). The evident proline cis-trans
isomerization in this region, introduces the new issue of which conformer of apelin is
required for binding to or activation of AR.

P16 is consistently structured in apelin-17 at 5 °C, but was found to be nonessential by
Fan et al. (32), the only study where a P16A substitution has been made. It is unclear how
perturbing to structure mutating P16 to alanine would be. It is notable, however, that
contrary to other studies (33, 34, 99), Fan et al. also did not find the C-terminal
phenylalanine to be essential (32). This may represent a difference in the mechanism of
AR response to apelin in the human AR HEK?293 transfected cells produced and tested by
Fan et al. (32) compared to those of Medhurst et al. (33) or the rat AR transfected CHO
cells used by De Mota et al. (99). In a recent study using CHO cells by Iturrioz et al., F17
was found to be essential for internalization of AR but not signalling (128). This
highlights how mutagenesis data can vary depending on the system and functional
readout chosen, likely due to biased signaling of AR in the different contexts. Since the
C-terminal phenylalanine was not susceptible to substitution in the study of Fan et al. but
was found to be essential in other physiological assays, a P16A mutant tested differently

may indeed perturb apelin-AR binding or activation.
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2.3.7. Insights Into Apelin-AR Interactions

A hypothetical mode of interaction between apelin and AR is suggested by the
differential structuring of apelin-17 at 35 °C and 5 °C. At 35 °C, apelin may be
undergoing conformational selection, similar to that observed for ubiquitin (107),
facilitating specific binding to AR. AR binding may be initiated in the R6-L9 region of
apelin, which is well structured at both 35 °C and 5 °C. All four residues in this region
(RPRL) are highly sensitive to alanine substitution. Also the N-terminal region of AR
identified as critical using both truncation mutants and alanine scanning mutagenesis by
Zhou et al. (100) is quite acidic. Therefore, the cationic R6 and RS8 residues, which
generally fall on the same face of apelin-17 in the structural ensembles, provide a likely
binding target for the N-terminal region of AR. The L9 side chain, which is solvent
exposed in every ensemble member, may act to strengthen the binding of apelin and AR
through a hydrophobic interaction. Furthermore, the reduced entropy of the R6-L9 region
in the free peptide arising from its increased structuring relative to the remainder of
apelin, even at 35 °C, is likely to provide a decreased entropic penalty for binding of
apelin to AR vs. a binding interaction occurring elsewhere in the peptide.

Although these results cannot confirm or deny this mode of binding, the work of Sykes
and coworkers (108, 111) demonstrates that it is a reasonable hypothesis that the
structuring in the R6-L9 region and at the C-terminus of apelin-17 at 5 °C is
representative of the apelin-AR bound state. Initial binding of the R6-L9 region of apelin
to AR would bring the C-terminal region of apelin into proximity with AR, facilitating its
binding, which fits well with a two-step model of GPCR-ligand binding. Determination

of the active conformation of apelin in this C-terminal region, including the cis-trans
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isomer forms of P14 and P16, will be critical for understanding apelin function and for
developing specific targets for therapeutic design. The potential for a two-step interaction
between apelin and AR provides a key structural starting point for detailed structure-

function dissection of the apelin-AR system.

2.4. Summary

All five bioactive forms of apelin examined exhibit almost identical chemical shifts at
physiological (35 °C) and low temperatures (5-6 °C), indicating similarity in structure
between these five forms of apelin. The apelin-17 structures should, therefore, be
representative of the other, shorter apelin isoforms. The R6-L9 region of apelin-17
exhibits nascent structuring at both 35 °C and 5 °C. Residues G13-F17 show structuring
at 5 °C, with clustered backbone conformations. The apelin peptides all show strong
evidence of cis-trans isomerization of the proline residues in the PMPF motif at the C-
terminus, with predominant conformers having either both trans (~80%) or both cis
(~20%) peptide bonds. Both the R6-L9 and G13-F17 structured regions correlate very
well to functionally critical regions from previous alanine substitution studies and are

likely important for binding to AR.
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Table 2.1: Detailed experimental parameters used for NMR data acquisition of the indicated apelin peptide and temperature.

Experiment Recovery # of # of complex points Sweep width (Hz) Center position "H Facility

delay (s)  scans (ppm) frequency

(MHz)

Apelin-12 6 °C
'H-'"H TOCSY® 1 16 'H:4096 'H:256 'H:11990 'H:8000 'H:4.95 'H:4.95 800 NANUC
'H-'"H ROESY* 1.5 32 'H:2048 'H:512 "H:11990 'H:11990 'H:4.95 '"H:4.95 800 NANUC
'H-"CHSQC 1 96 'H:1534 °C:128 'H:11990 *C:28160 'H:4.95 °C:35.26 800 NANUC
Apelin-12
35°C
'H-'"H TOCSY® 2 16 'H:6656 'H:272 'H:5482 'H:5482 'H:4.68 'H:4.68 500 ARMRC
'"H-'H ROESY* 1.5 32 'H:2048 'H:512 "H:11990 'H:11990 'H:4.68 'H:4.68 800 NANUC
'H-"CHSQC 1.5 64 'H:1024 °C:164 'H:5482 °C:16340 'H:4.68 °C:62.63 500 ARMRC
Apelin-13 5 °C
'H-'"H TOCSY® 2 80 'H:44032 'H:126 'H:5482 'H:5482 'H:4.96 'H:4.96 500 ARMRC
'H-'"H NOESY® 2 128  'H:4096 'H:144 'H:5482 'H:5482 'H:4.96 '"H:4.96 500 ARMRC
'H-"CHSQC 1.5 48 'H:1024 C:192 'H:5482 *C:16340 'H:4.96 °C:62.65 500 ARMRC
Pyr-Apelin-13
6°C
"H-'"H TOCSY® 1 16 'H:4096 'H:512 "H:11990 'H:8000 'H:4.95 'H:4.95 800 NANUC
'"H-'H ROESY® 1.5 32 'H:2048 'H:512 "H:11990 'H:11990 'H:4.95 '"H:4.95 800 NANUC
'H-"CHSQC 1 96 'H:1534 C:256 'H:11990 *C:28160 'H:4.95 °C:35.26 800 NANUC
Pyr-Apelin-13
35°C
'H-'"H TOCSY® 2.5 40 'H:2876 'H:320 'H:7201 'H:5993 'H:4.68 'H:4.68 600 NANUC
'H-'"H ROESY® 1.5 32 'H:2048 'H:512 'H:11990 'H:11990 'H:4.68 'H:4.68 800 NANUC

'H-"CHSQC 1.2 64 'H:878 *C:392 'H:7201 PC:21102 'H:4.68 °C:34.99 600 NANUC
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Experiment Recovery #of  # of complex points Sweep width (Hz) Center position 'H Facility

delay (s)  scans (ppm) frequency

(MHz)

Apelin-17 5 °C
'H-'"H TOCSY® 2 32 'H:4096 'H:512 "H:11990 'H:7998 'H:4.96 '"H:4.96 800 NANUC
'H-'HCcosy* 2 16 'H:4096 'H:1024 "H:11990 'H:8000 'H:4.96 'H:4.96 800 NANUC
"H-'"H NOESY® 3.5 32 'H:3520 'H:384 'H:8805 'H:7998 'H:4.96 '"H:4.96 800 NANUC
'H-"CHSQC 1 224 'H:2048 °C:192 'H:11990 °C:28160 'H:4.96 °C:35.18 800 NANUC
Apelin-17
35°C
'H-'"H TOCSY® 2 72 'H:6656 'H:384 'H:5482 'H:5480 'H:4.68 'H:4.68 500 ARMRC
'H-'"H CcOSY® 3 64 'H:22016 'H:196 'H:5482 'H:5001 'H:4.68 'H:4.68 500 ARMRC
'H-'"H NOESY® 3.5 48 'H:3362 'H:392 'H:8403 'H:7998 'H:4.68 'H:4.68 800 NANUC
'H-"CHSQC 1.5 64 'H:1024 *C:192 'H:5482 °C:16340 'H:4.68 °C:125.7 500 ARMRC

* Water suppression was achieved using WATERGATE 3-9-19
® Water suppression was achieved using excitation sculpting
¢ Water suppression was achieved using presaturation

45



Table 2.2: Summary of iterative structure calculation protocols, restraints and structural
statistics of the lowest energy 80 structures (out of 200) for each of the three apelin-17

ensembles produced.

35 °C Conformer A Conformer B
Structure calculation®
Rounds of NOE refinement prior 3 6 7
to *J-coupling incorporation
Total rounds of NOE refinement 12 37 32
Unique NOE restraints
Total 285 562 529
Intra-residue 146 224 226
Sequential 108 222 194
Medium Range (|i - j| =4). 22 62 54
Long Range (|i - j| >4). 0 0 0
Ambiguous 9 54 55
*J-coupling restraints
Number of restraints 10 12 12
Ramachandran plot statistics
Core 226 171 150
Allowed 457 431 395
Generously allowed 86 166 196
Disallowed 111 112 139
In PPII conformation (116) 280/1500 345/1500 323/1500
Number of type I -turns 9 0 1
Number of type II 3-turns 2 9 2
Number of type IV B-turns 123 96 193
Number of type VIb B-turns 0 0 3
Number of type VIa 3-turns 0 0 5
Number of type VIII -turns 10 0 15
XPLOR-NIH energies
(kcal/mol)®
Total 45.14 £539 53.45+5.34 61.74+6.40
NOE 0.60+049  0.67+£0.59 0.61+£0.62
J Coupling 2.55+1.30 1.83+0.88 2.71+£1.22
Violations
NOE Violations > 0.5 A 0 0 0
NOE Violations of 0.3-0.5 A 0 3 0
NOE Violations of 0.2-0.3 A 4 3 7
*J-Coupling Violations 11 4 6

? Iterative NOE contact refinement was carried out as described previously (129) through calculation of the
given total number of 100-member ensembles where the initial rounds were performed without *J-

couplings incorporated.

" Ranges are given by average deviations for XPLOR-NIH energies.
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Table 2.3: Summary of 'H and *C NMR assignments that were either not observable or
that were ambiguously assigned for each apelin isoform (sequences in Table 1.1).

Dataset

Missing Resonance Assignments

Apelin-12 6 °C
Apelin-12 35 °C
Apelin-13 5 °C
Apelin-13 35 °C
Pyr-Apelin-13 6 °C
Pyr-Apelin-13 35 °C
Apelin-17 5 °C
conformer A
Apelin-17 5 °C
conformer B
Apelin-17 35 °C

RI1:HY H"

RI1:HYH"R3:H"K7:H*

QI:H" R2:H¢, H™ R4:H¢, H"* K8:H"
QI:HYR2:C* H"R4:H"H7:H",C* K8:H*M11:C*
Q1:HY R4:H"

QI:HYR2:H"R4:H"H7:H*, C* K8:H"

K1:HYH® F2:H¢, C°, Ct R3:H™ R4:H"* R6:H™*
R8:H"™* F17:H¢, C*

K1:HY H® F2:H?, C°, Ct R3:H"™ R4:H"™ R6:H"™* R8:H"™* P14:C°
F17:H¢, Ct, H®, C°

K1:HY, H* R3:H"R4:H" R6:H" R8:H" K12:H"

* Ambiguous assignment (chemical shift assigned, but not uniquely) made for this resonance
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Table 2.4: Statistics of the clusters observed in the C-terminal region of the indicated
apelin-17 ensemble of structures.

Apelin-17 5 °C Apelin-17 5 °C
Conformer A Conformer B
Cluster size and consistency
Residues cluster is defined over G13-F17 GI13-F17
Number of structures in R1 cluster 33 47 17 61
Number of consistent structures 32 47 17 60
Number of inconsistent structures” 1 0 0 1
Average RMSD of cluster”
Before clustering using R1 1.65 1.64
Calculated using R1 1.12 1.18 0.92 1.27
Calculated using R2 0.76 0.84 0.63 0.85
Calculated using R4 1.43 1.45 1.12 1.43
Ramachandran plot statistics
Core 38 81 23 123
Allowed 198 226 68 314
Generously allowed 85 100 81 137
Disallowed 42 110 15 117

 Structure is inconsistent if it is not included into the same cluster by all three clustering methods of
Clusterpose (R1,R2 and R4).

> RMSD values as calculated only over those residues which the cluster is defined to cover using the R1,
R2 and R3 methods of Clusterpose.
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Figure 2.1: Reversed-phase HPLC analysis of purified apelin-13. HPLC was carried out
using a C;g column (Sum particle, 4.6 mm x 250 mm Spirit Peptide column, AAPPTec)
with a water:acetonitrile solvent mixture progressing from 2% to 60% B over 29 min.
The major peak corresponds to apelin-13 and elutes at ~18 min.
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Figure 2.2: Positive mode electrospray ionization mass spectrometry analysis of the

sample shown in Figure 2.1. The peak denoted by * corresponds to apelin-13 (m/z = 1554
amu, expected mass is 1555 amu).
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Figure 2.3: The H-H" connectivity region of a "H-'"H TOCSY spectrum (60 ms mixing
time, 800 MHz field strength) acquired for apelin-17 at 35 °C. Multiple spin systems of

M15 are denoted by M15b and M15c.
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Figure 2.4: A breakdown of NOE contacts per amino acid residue used to calculate the
final ensembles of structures, with short (sequential) and medium (Ji-j] < 4) NOE
interactions shown for (A) apelin at 35 °C and for conformers A and B at 5 °C (shown in
(B) and (C), respectively). Note that these plots do not include the ambiguous NOE
contacts shown in Table 2.2.
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Figure 2.5: Graphical summaries of NOE contacts observed between the pairs of protons
identified in subscripts and in brackets, as described in (124), for (A) apelin-17 at 35 °C
and for conformers A and B of apelin-17 at 5 °C ((B) and (C) respectively). Note that
these plots do not include ambiguous restraints and only represent a small subset of the
total unique NOE contacts assigned and used for structure calculation (Table 2.2). Plots
were produced using CYANA (L.A. Systems Inc.).
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Figure 2.6: Secondary chemical shifts (Ad=0(observed)-d(random-coil) using random-
coil values of Wishart et al. (84) for apelin-17 at 35 °C and at 5 °C in conformers A and
B for H% C® and CP, as indicated. The horizontal lines show the values of A identified as
significant for secondary structuring by the 'H and "*C chemical shift indices (refs (106)
and (130) respectively). The C- and Cr resonances for proline have identified ranges of +4
ppm (not shown), unlike the other residues.
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Figure 2.7: Average deviations of the dihedral angles ¢ and y on a per-residue basis for
the final ensembles of 80 NMR structures calculated for (A) apelin-17 at 35 °C and for
conformers A and B at of apelin-17 at 5 °C ((B) and (C) respectively).
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Figure 2.8: RMSD values calculated iteratively for superpositions over 4 residue
segments for indicated 80-member NMR-based structural ensembles of (A) apelin-17 at
35 °C, (B) of the primary apelin-17 conformer (conformer A; trans peptide bonds at P14
and P16) at 5 °C and (C) of the second most populated apelin-17 conformer (conformer
B; cis peptide bonds at P14 and P16) at 5 °C. Bars correspond to a superposition starting
at the indicated residue with the average deviation for that superposition indicated by the
error bar. The average RMSD value of an unconstrained ensemble of 1000 calculated
apelin-17 structures superposed over the 4 residue segments is represented by the dashed
line.
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Figure 2.9: (A) Proportion of ensemble members out of the 80-member ensembles with
type IV P-turns initiated at the given residue as determined by Promotif-NMR (117).
Data is shown for all 3 ensembles of apelin-17 structures (35 °C and conformers A & B
at 5 °C). The horizontal line represents the average number of type-IV B-turns found in
an ensemble of 1000 structures for an unconstrained XPLOR-NIH (89) simulated
annealing run performed under otherwise identical conditions. (B) Proportion of
ensemble members found in PP;; conformation at given residue. Horizontal lines at each
residue show the proportion of that residue adopting a PPy conformation in the 1000-
member unrestrained ensemble.
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Figure 2.10: Representative structures for apelin-17 structural ensembles (A) at 35 °C,
(B) of the primary conformer (conformer A; trans peptide bonds at P14 and P16) at 5 °C
and (C) of the second most populated conformer (conformer B; cis peptide bonds at P14
and P16) at 5 °C. On the left hand side converged regions are superposed, while on the
right hand side the lowest energy ensemble member is shown with functionally important
residues indicated. The backbone atoms of the lowest energy structure are shown in
black. Residues R6-L9 are coloured blue and in (B) and (C) and over residues G13-F17
the two clusters are coloured green and red. The side chains of functionally critical
residues (32, 33, 34, 98, 99) identified by alanine substitution studies are labeled and
coloured purple.
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Figure 2.11: A summary of structural properties of apelin relative to the apelin-17
sequence. Structurally converged regions are indicated by a red bar. Increased PPy and -
turn abundance based on parallel examination of all three ensembles (detailed in Figure
2.9) are indicated, with all four residues involved in a given 3-turn indicated by a bar
covering those residues. Functionally important residues are indicated with purple circles.
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Figure 2.12: Clustering of the apelin-17 conformer A ensemble. Each ensemble member
is represented by a number at the tips of the tree (bottom). The number at each node
represents the RMSD of all ensemble members that it contains. The R1 method of
Clusterpose (119) was used for RMSD calculation as well as clustering the structures.
Figtree (A. Rambaut, University of Edinburgh) was used for visualization of the data
generated by Clusterpose.
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Figure 2.13: Visualization of the two major clusters found over residues G13-F17 in (A)
conformer A and (B) conformer B of apelin-17 at 5 °C. Cluster statistics are provided in
Table 2.4.
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Figure 2.14: Side chain heavy atom RMSD values for G13-F17, the regions of apelin-17
conformers A and B (shown in (A) and (B) respectively) where two major clusters of
backbone conformation were observed (Table 2.4).
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Figure 2.15: Secondary chemical shifts using random-coil values of Wishart et al. (84) at
5 °C of apelin-12, apelin-13, pyr-apelin-13 and apelin-17 conformers A and B for H*, C*
and CP, as indicated. The horizontal lines show the values of Ad identified as significant
for secondary structuring by the 'H and "C chemical shift indices (refs (106) and (130),
respectively). The C- and Cr resonances for proline have identified ranges of =4 ppm (not
shown), unlike the other residues.
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Figure 2.16: Secondary chemical shifts using random-coil values of Wishart et al. (84) of
apelin-12, apelin-13, pyr-apelin-13 and apelin-17 at 35 °C for H*, C* and C”, as indicated.
The horizontal lines show the values of Ad identified as significant for secondary
structuring by the 'H and "C chemical shift indices (refs (106) and (130), respectively).
The C-and Cr resonances for proline have identified ranges of +4 ppm (not shown),
unlike the other residues.
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Chapter 3:
Interactions Of Apelin With
Membrane Mimetics (Based On My

Contribution To Manuscripts (2, 3))

3.1. Introduction

In the previous chapter I characterized the structure of apelin-17 in solution. However,
apelin and AR do not interact with each other in isolation. Instead, AR exists in a
complex environment that includes, among other things, the lipid molecules of the
plasma membrane. Indeed, apelin is much more likely to interact with the many other
components of the cell membrane before it comes into contact with AR. Realizing this,
Sargent and Schwyzer (131) suggested that the cell membrane is an essential component
of ligand-receptor interactions. In this chapter, I discuss the membrane catalysis theory
introduced by Sargent and Schwyzer and characterize the interactions that apelin has with

detergent micelles.
3.1.1. Membrane Catalysis Of Peptide-Receptor Binding

Sargent and Schwyzer (131) formulated the membrane catalysis hypothesis by
extending the ideas of Adam and Delbriick that membranes could cause accelerated
receptor tracking due to reduced diffusion dimensionality (132). The membrane is

proposed to act as a receptor-ligand catalyst by 1) increasing the local concentration of the
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ligand thereby improving probability of diffusional collision between the receptor and
ligand; and/or 1i) inducing conformational change in the peptide to increase its affinity for
the receptor. In this way, the energy of a peptide binding to its receptor is broken down
into several steps including the surface accumulation of ligands, ligand-membrane
interactions, potential conformational changes of the ligand and finally binding of the
ligand to the receptor. The membrane catalysis model is attractive as it helps to explain
the large association constants (pM affinity) and high association/dissociation rates found
with membrane receptors and their ligands compared to soluble enzymes (131). This
model also suggests that differences of ligand affinity to the same receptor in different
tissues could simply be due to the composition of the plasma membrane in the vicinity of
the receptor.

There are many examples of peptide hormones that bind to membrane mimetics (133,
134, 135, 136, 137) and in some cases they have been shown to adopt a specific structure
when bound to the membrane (138, 139, 140). A striking example is calcitonin, a peptide
hormone involved in calcium homeostasis (138). In the presence of sodium
dodecylsulphate (SDS) micelles, calcitonin assumes an o-helical structure while being
unstructured in solution. Furthermore, deletion of the critical F16 residue disrupts both
the induction of the a-helical structure and the function of calcitonin. Perhaps the least
intuitive part of the membrane catalysis hypothesis is that ligands can undergo specific
conformational changes that enhance binding to the receptor while bound to the
membrane. Although difficult to prove, a lot of work has been done to characterize the

membrane bound structures of peptides. Table 3.1 provides a list of peptide hormones
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that have been shown to bind to membrane mimetics with the high resolution structures

of the membrane-bound peptides shown in Figure 3.1.

3.1.2. Common Membrane Mimetics Used In Biophysical

Studies

Biological membranes are a very complex mixture. There are many lipids in cell
membranes that vary not only by species (141) but also by cell type. Adding to this
complexity, there are numerous proteins and small molecules embedded into or
interacting with the plasma membrane. Both the lipids in the membrane and the proteins
associated with it can also be glycosylated. Protein folding is greatly affected by the
location of the protein within the membrane. In the center of the membrane, the folding
environment is dominated by the hydrophobic tails of the lipid molecules while near the
surface of the membrane, the environment changes to include the headgroups of the lipids
and water (reviewed in (142, 143)).

Despite this inherent complexity, membrane mimetic models have emerged as tools
for in vitro classification of membrane associated proteins (141). Several types of
common membrane mimetics used are organic solvents, micelles, bicelles, supported
bilayers and liposomes (reviewed in (141)). Despite the fact that these membrane
mimetics contain at best only a few types of lipids, there are almost countless studies
demonstrating the relevance of these membrane mimetics to biological systems (3, 51,
52, 55,56, 57, 61, 126, 134, 139, 140, 144, 145, 146, 147, 148, 149, 150, 151).

For structural studies by either NMR or CD spectroscopy, a membrane mimetic that

allows fast tumbling of the protein of interest is preferred since fast motion of the
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mimetic allows for sharp lines in NMR spectra (82). For this reason, in my studies that
required membrane mimetics, I worked primarily with micelles (Figure 3.2).

Micelles are composed of one or two different types of amphipathic molecules. At
concentrations above the critical micelle concentration, these detergents assemble into
spherical but labile structures with the hydrophobic tail of the detergent located in the
center of the micelle. The orientation of the detergent headgroups at the surface of the
micelle with the hydrophobic tail located in the center provides a rough approximation of
biological membranes (141). Various types of detergents are commonly used to construct
micelles for the purpose of protein characterization such as SDS (152),
dodecylphosphocholine (DPC, (153)) and 1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-

RAC-(1-glycerol)] (LPPG, Figure 3.2, (154)).

3.1.3. The Study Of Peptide-Membrane Interactions With

NMR Spectroscopy

NMR spectroscopy is a great tool for analyzing interactions between a peptide and
micelle. In addition to simply determining the structures of peptides both free in solution
and bound to the micelle, experiments such as diffusion ordered spectroscopy (DOSY,
(155)) and paramagnetic relaxation enhancement (PRE) provide invaluable information.

In DOSY, pulsed field gradients are used to quantify the translational diffusion
coefficient of molecules or supramolecular assemblies (155). Briefly, a pulsed field
gradient (of power g and duration 9) is applied to the sample, which causes each of the
nuclear spins to acquire a phase shift that is dependent on the position of the spin in the

NMR tube. After a set amount of diffusion time (A) a second pulsed field gradient is
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applied that reverses the phase shift of the first pulse. If all of the spins in the NMR
sample have their phases refocused perfectly, the result is a strong NMR signal. Of
course, since diffusion is occurring, the magnetization is not exactly refocused because
the individual nuclear spins are in different places before and after A. It is intuitive that as
more diffusion occurs during A, the less the NMR signal from the bulk sample will be
refocused. In DOSY the loss of signal intensity can be modelled as:
I=loexp[-Dy’g’d*(A-8/3)] 3.1

where D is the translational diffusion coefficient and I and I, are the peak intensities
when the experiment is performed with and without a gradient, respectively. In DOSY,
multiple NMR experiments are completed with different values of g, and then peak
intensities are fit to equation 3.1 in order to calculate D. It may seem counterintuitive to
vary the gradient strength instead of A, but it is important to avoid the effects of
relaxation by not varying the length of the experiment.

Since there are specific signals from both the micelle and the peptide, D of both can be
measured and binding between the peptide and micelle can be quantified (156, 157). In
my work I use a fast two-site exchange model (156) to quantify apelin binding to
micelles:

Dobs = Dy + (1-fp) D 3.2
where Dy is the translational diffusion coefficient of free apelin, Dops is the observed
diffusion coefficient of apelin-17 in the presence of micelles and Dy is the diffusion
coefficient of the micelles. These values can be used to provide an estimate of the

fraction of apelin-17 bound to micelles (f;).
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In paramagnetic relaxation enhancement (PRE), a compound that contains an unpaired
electron is added to the sample. Free electrons themselves generate relatively large
randomly fluctuating local magnetic fields (80). These fluctuating local magnetic fields
cause any transverse magnetization along the xy axis to lose coherence quickly, resulting
in a loss of NMR signal. In order to study protein-micelle interactions various reagents
can be added to the sample to understand the topology of the micelle-protein complex.
For example, Mn”" partitions into the aqueous phase of the sample causing signal to
disappear from solvent exposed parts of the peptide (158). Similarly, 5-doxylstearic acid
(5-DSA) and 16-doxylstearic acid (16-DSA, Figure 3.3) partition into the headgroup and
interior of micelles, respectively (159). With the large variety of paramagnetic reagents
available, a detailed topology of the protein-micelle complex can be determined through
PRE (158, 160).

Given the work that supports the membrane catalysis model, there is strong incentive to
investigate the potential interactions of apelin with membrane mimetics. Herein, [ use CD
spectropolarimetry and DOSY to probe interactions of apelin-12 and apelin-17 with SDS,
DPC and LPPG micelles. I present an NMR spectroscopy-based structure of apelin-17
bound to SDS micelles and use PRE to give an overview of the topology of the apelin-
17/micelle complex. Finally, I discuss the significance of these findings in relation to the

membrane catalysis model.
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3.2. Materials And Methods

3.2.1. Materials

LPPG was purchased from Avanti Polar lipids (Alabaster, AL). Deuterium oxide (D-0O;
99.8 atom% D), SDS-dys, DPC, DPC-d;s and D,O containing 1% (w/w) DSS were
obtained from C/D/N isotopes (Pointe-Claire, QC). The apelin-12 and apelin-17 used for
this study are the same peptides as in chapter 2. All other chemicals were obtained at

biotechnology, high performance liquid chromatography or reagent grade, as appropriate,

from Sigma-Aldrich Canada Inc. (Oakville, ON).

3.2.2. CD Spectropolarimetry

Far-ultraviolet CD spectra of apelin-12 and apelin-17 were recorded at 35 °C using a
Jasco J-810 spectropolarimeter (Easton, MD). Solutions of apelin peptides (apelin-12:
55.2+0.7 uM, apelin-17 64.5+5.2 uM) were prepared from a single stock solution. Exact
quantification of each peptide was achieved through amino acid analysis (Hospital for
Sick Children), using a weighted average of the arginine, proline, leucine and
phenylalanine content in the sample. For each apelin peptide, samples were prepared with
no lipid added, 16 mM SDS, 19 mM DPC or 38 mM LPPG in 20 mM sodium phosphate
adjusted to pH 7.00 = 0.05. CD spectra were acquired from 260 nm downwards (1 nm
steps), with reliable ellipticity values observed at >190 nm based on spectropolarimeter
photomultiplier tube voltages, in 0.5 cm path-length quartz cuvettes (Hellma, Miillheim,
Germany). All measurements were collected in triplicate. Machine data were converted

to mean residue ellipticity, averaged over all trials, blank subtracted and subjected to
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sliding-window averaging over 3 nm stretches so that the mean residue ellipticity

reported at a given wavelength (\) is:

[6] = 14[9]1_1 + % [9]/1 + %[e]xu 3.3

Finally, each spectrum was baseline adjusted by subtracting the average ellipticity value

over 250-260 nm.
3.2.3. PRE Measurements

Three identical NMR samples were prepared with 1 mM apelin-17 in a 90% H,0/10%
D>O mixture with 20 mM Na'CD;COO", 1 mM NaN;, 90 mM SDS and 1 mM DSS.
Each sample was titrated with MnCl,, 5-DSA or 16-DSA up to a maximum of 8 mM
paramagnetic agent at 35 °C. Titrations were halted when ~50% reduction in intensities
of ~50% peaks were observed using 'H-'"H TOCSY relative to a reference spectrum. For
each residue, intensities of one or two non-overlapped cross-peaks were measured
(depending on availability of non-overlapped peaks). Titration of 16-DSA was at 800
MHz using a Varian INOVA spectrometer (Palo Alto, CA) at NANUC (Edmonton, AB)
while both Mn®" and 5-DSA were titrated at 700 MHz on a Bruker Avance III
spectrometer (Milton, ON) at the National Research Council Institute for Marine
Biosciences (NRC-IMB, Halifax, NS). Both spectrometers are equipped with
cryogenically-cooled triple-resonance probes. NMR data were processed using NMRPipe
(114) and peak intensities measured using a Gaussian lineshape in Sparky 3 (T.D.

Goddard and D.G. Kneller, University of California, San Francisco).
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3.2.4. Diffusion Ordered Spectroscopy Measurements

Four samples of apelin-17 were prepared for DOSY experiments with 1 mM apelin-17,
20 mM Na'CD;COO", 1 mM NaNj, and 1 mM DSS in 90% H,0/10% DO, with three
samples containing one of 81 mM SDS-ds, 94 mM DPC-d,s or 187 mM LPPG. Identical
samples were also prepared without apelin. Detergent concentrations were chosen to give
~1.25:1 micelle:peptide ratios. Sample pH was adjusted to 5.00 = 0.05 in each case using
DCI and NaOD. DOSY spectra were acquired at 35 °C using a stimulated echo sequence
with bipolar gradients (161) and a longitudinal eddy current decay of 5 ms at 500 MHz
on a Bruker AVANCE 1I spectrometer with TXI probe at NMR-3 (Halifax, NS).
Susceptibility matched tubes (Shegemi, Allison Park, PA) were used to minimize
diffusion artefacts due to gradient non-linearity or convection currents. Signal attenuation
at the maximum gradient strength was adjusted to be 95%, with 32 increments collected
in the diffusion dimension with the gradient strength ranging from 1.7 G/cm to 32.0
G/cm. DOSY experiments were performed in triplicate.

Diffusion coefficients for apelin-17 in each condition alongside those of each micelle
in absence of apelin were obtained using the relaxation module of Topspin 2.1 (Bruker)
to fit the relaxation data to equation 3.1. Due to what appeared to be a consistent artefact,
the first (lowest gradient strength) increment of each experiment was discarded, and 31
diffusion time points were used for fitting. For apelin-17 and each micelle, D was
calculated using three separate 'H-NMR peaks for each spectral dataset (i.e. 9
measurements per condition) and averaged to give a final value of D with associated

standard error.
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I made the assumption that the diffusion coefficient of a micelle, Dy, does not differ
significantly with the presence or absence of apelin-17 due to the much larger size of the
micelle. The viscosity of each solution was not measured. Instead, the expected effect of
the presence of micelles on the value of Df was estimated via the following expression for
small molecules obstructed by spherical particles (162):

D=D%/(1+ ¢/2) 3.4
where D% is the measured diffusion coefficient of apelin-17 in water and ¢ is the volume
fraction of lipids in the sample, which can be estimated by using the weight fraction
(162). Using equations 3.2 and 3.4 as well as the values of D obtained using Topspin, the

fraction of apelin-17 bound to each micelle was estimated.

3.2.5. Sequential Assignment Of Apelin-17 In SDS And DPC

Micelles

Two 600 uL NMR samples were made with 20 mM Na'CD;COO, | mM NaNj3, | mM
DSS, 0.5 mM apelin-17 and either 81 mM SDS-d»s or 94 mM DPC-d;s. 'H-'"H TOCSY
(80 ms mixing time), 'H-'"H NOESY (350 ms mixing time), 'H-"*C HSQC and 'H-""N
HSQC experiments were acquired at 700 MHz (NRC-IMB Avance III) with a TCI
cryoprobe at 35 °C. Detailed data acquisition parameters for all NMR experiments are
provided in Table 3.2. NMR data were processed using NMRPipe (114) and manually
assigned in Sparky 3 (T.D. Goddard and D.G. Kneller, University of California, San
Francisco). Secondary chemical shifts, A = O(observed) - d(random coil) (106, 130,
163), of the H*, C* and CP nuclei were calculated using the random coil chemical shifts of

Wishart and coworkers (84).
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3.2.6. Structural Calculations Of Apelin-17 Bound To SDS

Micelles

XPLOR-NIH version 2.18 (89) was used for final structure determination of apelin-17
bound to SDS micelles using the methods of NOE intensity calculation and refinement
outlined in chapter 2. An ensemble of 200 structures was generated, with the 80 lowest
energy structures retained as the final ensemble. The LSQKAB software of the CCP4
suite (118) was used to iteratively superpose the ensemble over 2-17 residue stretches.
The final ensemble was analyzed for structural quality, the presence of converged regions
and the presence of B-turns as outlined in chapter 2. All chemical shift data for apelin-17
with SDS and DPC micelles as well as the final structural ensemble for apelin-17 with
SDS micelles have been deposited to the Biological Magnetic Resonance Bank (121)
using SMSDep (accession numbers 20082 and 16275 for apelin-17 with SDS and DPC

micelles, respectively).

3.3. Results And Discussion

3.3.1. CD Spectropolarimetry Of Apelin-12 And Apelin-17

The far-ultraviolet CD spectra from 260-190 nm of both apelin-12 and apelin-17 in
buffer and in the presence of SDS, DPC or LPPG micelles are shown in Figure 3.4. For
any given condition, the CD spectra for both apelin-12 and apelin-17 have similar
features. As described previously (1), the CD spectra for both apelin-12 and apelin-17 in
buffer at 35 °C are random coil in nature (75), convoluted with positive bands at 195 nm

and 218 nm that may be attributable to the 'B and 'L, transitions (1, 164, 165) of the C-
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terminal phenylalanine. For both apelin-12 and apelin-17, DPC micelles do not strongly
perturb the CD spectrum relative to buffer (Figure 3.4). In contrast, dramatic spectral
changes occur with both apelin isoforms in the presence of either SDS or LPPG micelles.
The CD spectra of apelin with these anionic micelles are convoluted by an a-helix-like
band pattern (difference spectra in Figure 3.4), which may be attributed either to
formation of a-helical secondary structure (75) or to the formation of B-turns (166, 167).
Although the main trends observed in the CD spectra of apelin-12 and apelin-17 are
identical, there are a few minor differences between isoforms. In the presence of DPC
micelles, a slightly larger deviation from buffer conditions is observed for apelin-12 than
for apelin-17. Also, the CD spectra of apelin-17 in the presence of LPPG and SDS are
nearly identical, while for apelin-12 the CD spectrum in LPPG shows a larger deviation
from buffer conditions in comparison to SDS (Figure 3.4). Despite these slight
differences, the underlying trends in the CD spectra of apelin-12 and apelin-17 are the
same, with DPC micelles causing little to no change in the spectra relative to buffer
versus SDS and LPPG, which produce increasing amounts of perturbation of the CD
spectrum relative to buffer. This trend was also observed for apelin-13, pyroglutamate-
apelin-13 and apelin-36 (Bebbington and Rainey, unpublished), suggesting that all of the

apelin peptides undergo similar structural changes in the presence of anionic micelles.
3.3.2. Diffusion Coefficient Determination

Translational diffusion coefficients (D) were measured for SDS, DPC and LPPG
micelles, for apelin-17 in buffer and for apelin-17 in the presence of each micelle (Table

3.3). Reported literature diffusion values (DOSY determined) are 1.2 x 107'° m%s for
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DPC micelles (151), 9.5 x 10" m%s for SDS micelles (168) and 6.62 x 10" m?/s for
LPPG micelles (169). Once adjusted for temperature, viscosity and the presence of D,O
using literature viscosity values (170) to match the experimental conditions, these
measurements become 1.35 x 107", 1.47 x 10" and 8.49 x 10" m?s, respectively.
Although the reported D values are slightly higher, the agreement with previous D values
is reasonable. Discrepancies may be due to effects of the different temperature and buffer
conditions in the study upon the aggregation number of micelles. In particular, the
aggregation number of micelles decreases with increasing temperature (171) and this
study was at 35 °C while the reported values of D for SDS and LPPG were at 25 °C and
that for DPC at 30 °C. Also, the observed D for a micelle is often an overestimate due to
contributions from detergent monomers. Under buffer conditions, however, the critical
micelle concentrations of detergents are lowered and, for each micelle employed herein,
the contribution of monomeric detergent to D was minor since only ~ 5%, ~1% and
~0.03% of SDS, DPC and LPPG are estimated to be present as monomers (based upon
critical micelle concentration values of ~4 mM (172), 1.1 mM (173) and 0.06 mM (173)
for SDS, DPC and LPPG respectively).

Upon determination of D, the f, of apelin-17 with each micelle was calculated using
equations 3.2 and 3.4, indicating relatively weak binding of apelin-17 to DPC micelles
and stronger binding with both SDS and LPPG micelles (Table 3.3), in good agreement
with the CD spectropolarimetry results. This interaction is somewhat predictable due to
the strongly cationic nature of apelin-17, which contains 8 basic residues to facilitate its

interaction with anionic headgroups. However, without experimental demonstration such
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as this, it is not predictable that a peptide as hydrophilic as apelin-17 will interact so

strongly with detergent micelles in solution.
3.3.3. NMR Assignment And Secondary Chemical Shifts

Nearly complete assignment of 'H, *C and '°N was obtained for apelin-17 (Table 3.4)
in the presence of both SDS and DPC micelles using standard methods (124) allowing
comparison of Ad (84) for H«, C- and Crnuclei in the presence of SDS and DPC micelles
to those in buffer reported in chapter 1 (Figure 3.5). For both H- and Cr, there is no clear
relationship between the value of the secondary chemical shift and the condition used.
However, these A0 values are significantly different in the presence of SDS micelles than
either the buffer or DPC conditions over K1-K 12, while Ad in the C-terminal of apelin-17
show little perturbation in the presence of micelles. The large changes in Ad values of C-
nuclei in the presence of SDS suggest that apelin-17 is binding to the SDS micelles rather
than forming a different, canonical 2° structure since H- and C* would also be expected to
have a consistent Ad perturbation with 2° structure formation. Determination of the effect
of LPPG micelles on Ad values was not possible as deuterated LPPG is not routinely
commercially available, making spectral assignment infeasible for apelin without isotopic
enrichment.

In all cases, apelin-17 showed a single, predominant set of chemical shifts at 35 °C
with D values between those of free apelin and those of each detergent micelle indicative
of fast exchange on the NMR timescale between the free and bound states (i.e. sub-
millisecond exchange (174)). A second conformation of apelin-17 was also evident in the

NMR data, as previously observed in buffer (chapter 2), with a minor conformation in the
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P14-F17 region populated at <10% relative to the major one. Only the major conformer
was sequentially assigned as there were few NOE contacts in the minor conformer. CD
spectropolarimetry, DOSY and chemical shift analysis clearly demonstrate that the apelin
peptides bind weakly and transiently to zwitterionic DPC micelles but bind favourably to

anionic SDS and LPPG micelles.
3.3.4. PRE Of Apelin-17 With SDS Micelles

To determine the region of apelin-17 that is interacting with anionic micelles, PRE
NMR  spectroscopy experiments were used. The 'H-'"H TOCSY peak attenuation of
apelin-17 in SDS micelles with various concentrations of 5-DSA, 16-DSA or Mn”" is
summarized in Figure 3.6. These reagents would be expected to attenuate the NMR
signals for nuclei in the tailgroup core of the micelle (16-DSA), just below the anionic
headgroup (5-DSA) or readily accessible to solution (Mn®"). For both 5-DSA and 16-
DSA, there is no clear trend of peak attenuation over apelin-17, even at relatively high
concentrations of paramagnetic agent, suggesting that apelin-17 does not associate in the
hydrophobic core of the micelles or just below the headgroups of SDS (Figure 3.6 (B)).
In contrast Mn”" attenuates the signal of apelin-17. At 0.25 mM Mn”", many residues of
apelin-17 show large attenuation of peak intensity, notably at the C-terminal region
(Figure 3.6 (A)). After titration with I mM Mn®", only K1 and R6-L9 have observable
signal, indicating that these residues of apelin-17 interact most strongly with SDS
micelles since they are partially shielded from the effects of Mn®". However, even these
residues are largely attenuated by Mn®", indicating that although they interact with the
micelle, they are still partially solvent exposed and very near the micelle surface, as

supported by the lack of peak attenuation induced by 5-DSA or 16-DSA.
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3.3.5. Structure Of Apelin-17 With SDS Micelles

In total, 522 unique NOE contacts were observed. This is an almost 2-fold increase in
observed NOE contacts in comparison to apelin-17 in buffer at 35 °C (285 restraints),
indicating an increase in structuring of apelin-17 bound to SDS micelles vs. free in
solution. Of these contacts, the majority that are medium range occur C-terminal to R6
(Figure 3.7), implying that this region of apelin-17 is most structured in the presence of
SDS micelles. Eight rounds of structure calculation were performed with these NOE
restraints, with 100 structures generated in rounds 1-7 and 200 in round 8. Of the 200
structures in the final round, the 80 structures with the lowest total energy were retained
as the final ensemble, with minimal NOE violations and excellent Ramachandran plot
statistics (Table 3.5). Examination of both the average deviation and order parameters as
defined by Hyberts et al. (175) of the ¢ and v dihedral angles for each residue show a
stretch of seven residues from R6-K12 with both low deviation and high order parameter
(Figure 3.8 (A,B)), which is indicative of structural convergence (104).

Independent of this, the ensemble of apelin-17 structures was superposed in 7 residue
stretches and the RMSD of backbone atoms was calculated (Figure 3.8 (C)). At
superposition lengths of 8 residues or greater, no RMSDs below 0.88 + 0.2 A were
observed. For a 7 residue superposition, the backbone atom RMSD is 0.72 + 0.17 over
R6-K12, suggesting that this region is better converged and mirrors the observation of
highly defined ¢ and y dihedral angles. RMSDs over 7 residues indicate that both the N-
and C-terminal regions of apelin-17 are relatively unstructured in the presence of SDS
micelles. Using Promotif-NMR (125), 45 type I and 374 type IV B-turns were detected in

the final ensemble (Table 3.5) with 98% of type I B-turns being initiated between R6 and
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L9. Out of 80 structures, 30 have a type I -turn initiation at P7. Type IV pB-turns appear
to be distributed throughout apelin-17, although there is a very well defined type IV B-
turn initiated at S10 in 77/80 of the ensemble members (Figure 3.9). PRE experiments
(Figure 3.6) indicate that the structural convergence over R6-K12 is the result of apelin
binding to the micelle. In the superposed structural ensemble, the cationic side-chains of
R6 and R8 also tend to lie on the same face of the peptide, providing a cationic surface
that may interact with the anionic micelle headgroups (Figure 3.10 (B)). The NMR
ensemble generated for apelin-17 interacting with SDS is also representative of the
apelin-17 structure when bound to LPPG micelles, since CD spectropolarimetry suggests
the structures are the same.

Upon analysis of superpositions for shorter regions of apelin-17, an extremely well
converged region of apelin-17 was observed from M15-F17 (Figure 3.10 (C)), with a
heavy atom RMSD of 0.37 = 0.19 A and well converged ¢ and v dihedrals (Figure 3.8
(A,B,D)). This region is just as converged as some of the residues between R6-K12 in
terms of both atom positions and dihedral angles but shows no canonical secondary
structuring by Promotif-NMR analysis. Notably, this structural convergence was not
observed in apelin-17 in solution at 35 °C, indicating that this structure is induced by

apelin-micelle binding even though it is not in contact with the micelle.

3.3.6. Implications For Membrane Catalysis Of Apelin-AR

Binding

This study implies that apelin is likely to fit with the membrane catalysis model put

forward by Sargent and Schwyzer (131). Since apelin interacts almost equally well with
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two quite different anionic detergent headgroups, binding to biological membranes is
likely. Furthermore, the structure observed with apelin bound to SDS micelles should
represent the bound-state with a biological membrane. Although a micelle surface is
curved, in this system the curvature is negligible. The radius of a SDS micelle is ~20 A
(176) while the binding region of apelin-17 (R6-L9) spans ~6.7 A, or ~5%, of the micelle
circumference.

Upon membrane interaction, the membrane catalysis model hypothesizes that a peptide
will adopt a conformation that will accelerate binding to its receptor. The abundant type I
and type IV B-turns that are induced by the anionic headgroups at the SDS and LPPG
micelle surface may increase apelin’s affinity to the AR receptor, in line with the
suggestion of Tyndall et al. that B-turns are a ubiquitous motif recognized by GPCR’s
(101). However, the high degree of structuring for M15-F17, although not p-turn in
character, is a very striking micelle-induced structural element that may allow specific
recognition of apelin by AR since this portion of the peptide is not directly membrane-
associated and therefore free to bind to the receptor.

Taken together, the structural changes that occur to apelin when bound to anionic
micelles could be essential for initiating interactions with AR. Since both regions of
apelin-17 observed to undergo significant conformational restriction reside within the 12
residue functional core retained in all bioactive apelin isoforms, this binding hypothesis is

immediately applicable to the other apelin peptides.
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3.4. Summary

The various active isoforms of apelin interact similarly with anionic SDS and LPPG
micelles but not with the zwitterionic DPC micelle. Key to this interaction is the
formation of a converged structure from R6-K12 with significant type I and type IV B-
turn initiation between R6-L9 and at S10 respectively, while the residues N-terminal to
this region are largely disordered. Part of this converged structure, R6-L9, interacts the
most strongly with anionic micelles. Binding of apelin-17 to SDS also induces structuring
of M15-F17, even though this region is not in direct contact with the micelle surface.
These results indicate that it is possible that AR activation by apelin follows the
membrane catalysis model, since apelin binds to membranes and undergoes a

conformational change.
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Table 3.1: An overview of studies on peptide ligands that bind to micelles where both a
high-resolution structure is available and the residues involved in membrane binding

were determined.

Peptide PDB Micelle Residues structured Residues bound to
entry  type micelle
Amylin nucleation site (177) 1KUW SDS F23-126: p—turn N21, N22, F23, 126,
L27
Bovine pancreatic 1LIV DPC M17-L31: a-helix L3, E4, E6, G9,
polypeptide (178) Al2, A18, A21,
L24, R25, R33,
P34, R35
Glucagon (179, 180)° 1IKX8 DPC T5-Y10, L14-R17: extended Hydrophobic
Y10-L14: helix-like turn residues
R17-T29: irregular a-helix
Glucagon antagonist (181) INAU DPC T5-L12: Irregular helix Y8, Y11, L12, F20,
A17-T27: a-helix V21, W23, .24,
M25
Neuromedin B(182) 1C98 SDS W4-M10: a-helix W4, H8 and F9
Neuropeptide K (183) 2B19 DPC A2-K8: B-turns or 3-10 helix F32, V33, G34, L35
Q9-G18 and H27-V33: a-helix  and M36
H19-R26: non-canonical (hydrophobic
B-turn residues)
Neurotensin (184) 10YV DPC L2-N5: extended P10, Y11, 112 and
P10-L13: close to f-turn L13
Pituitary adenylate cyclase 1D2P DPC 15-L27: a-helix I5, F6, Y10, Y13,
activating polypeptide (185) M17,Y22,123,
V26 and L27
Porcine Neuropeptide Y 1F8P DPC Y21-T32: a-helix L17,Y20, Y21,
(186, 187) L24, R25,Y27, 128,
N29, 131, T32 and
Y36
Porcine peptide YY (187) IRUU DPC L17-V31: a-helix L17,Y20, Y21,
L24,Y27,128,
L30, V31, T32,
R33, Y36
Proadrenomedullin N- 2FLY SDS R2-A17: a-helix R2, L3, V5, F9,
terminal peptide (188)° K12, W13 W16 and
R20
Rat islet amyloid polypeptide ~2KJ7 DPC A5-L23: a-helix N3, T6, A8, T9,
(189) L12, A13,L16

? Glucagon (PDB entry 1KX8) did not superpose well over the identified converged regions.
® Structure published in PDB (entry 2FLY) in trifluoroethanol, with direct comparison to SDS micelle

bound state in paper.
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Table 3.2: Detailed experimental parameters used for data acquisition of apelin-17 in either SDS or DPC micelles.

Experiment Recovery # of # of complex points Sweep width (Hz) Center position H Facility

delay (s)  scans (ppm) frequency

(MHz)

Apelin-17 SDS
'H-'"H TOCSY* 16 2 'H:8192 'H:256 'H:8418 'H:7228 'H:4.68 '"H:4.68 700 NRC-IMB
'H-'"H NOESY* 2 32 'H:8192 'H:256 'H:8418 'H:7228 'H:4.68 '"H:4.68 700 NRC-IMB
'H-®CHSQC 1.5 96 'H:4096 °C:128 'H:11261 *C:14085 'H:4.68 1°C:37.6 700 NRC-IMB
'H-"NHSQC 15 512 'H:2048 °N:32 'H:8418 °N:2258 'H:4.68 °N:118.0 700 NRC-IMB
Mn*" and 5' 2 8 'H:8192 'H:192 'H:8418 'H:7228 'H:4.68 '"H:4.68 700 NRC-IMB
DSA titration
'H-'H TOCSY?
16' DSA 1.5 16 'H:4096 "H:256 "H:11990 'H:10000 'H:4.68 '"H:4.68 800 NANUC
titration
'H-'H TOCSY®
DOSY 'H1D® 3 8 'H: 8192 'H: 4.68 500 NMR-3
Apelin-17 DPC
'"H-'"H TOCSY* 16 2 'H:8192 'H:256 'H:8418 'H:7228 'H:4.68 '"H:4.68 700 NRC-IMB
'H-'"H NOESY* 2 16 'H:8192 'H:256 'H:8418 'H:7228 'H:4.68 '"H:4.68 700 NRC-IMB
'H-"CHSQC 15 96 'H:4096 *C:128 'H:11261 *C:14085 'H:4.68 °C:37.6 700 NRC-IMB
'H-°"NHSQC 15 544  'H:2048 '°N:32 'H:8418 '°N:2258 'H:4.68 °N:118.0 700 NRC-IMB
DOSY 'HID® 3 8 'H: 8192 'H: 4.68 500 NMR-3

* Water suppression was achieved using excitation sculpting
® Water suppression was achieved using WATERGATE 3-9-19

¢ Water suppression was achieved using presaturation
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Table 3.3: Fraction of apelin-17 bound (f,) to indicated micelle types as determined
through DOSY. Topspin (Bruker) was used to determine diffusion coefficients (Dops) of
three peaks of the component of interest for three replicate experiments to give an
average Dops with associated average deviation. Assuming two-state fast exchange for
apelin-17, f, was estimated using equations 3.2 and 3.4. The experimental settings for
diffusion time (A) and gradient duration (8) for each experiment are indicated. Pulsed
field gradients were varied from 1.7 G/cm to 32.0 G/cm.

Component A(ms d(ms) Dgps (mz/s) fy,

)
SDS micelles 60 6.4 1.7x107%+1.6x10"2  N/A
DPC micelles 60 6.4 1.8x10"0+1.6x10"% N/A
LPPG micelles 85 7.0 96x10"+28x10"%  N/A
Apelin-17 55 4.4 3.6x10"0+34x10"  N/A

Apelin-17 with SDS micelles 65 52 20x10"x12x10"  82£5%
Apelin-17 with DPC micelles 60 52 28x10"%£34x10" 46 5%
Apelin-17 with LPPG micelles 70 6.6 1.0x10"£1.2x10" 98 +5%
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Table 3.4: Summary of unassigned and ambiguously assigned 'H, "°C and "°N chemical
shifts for apelin-17 with SDS or DPC micelles.

Condition Missing and ambiguous resonance assignments

Apelin-17 with SDS K1:HN, H:, N F2:C- R3:H" R4:H"", N" Q5:N" R6:C-, N*

micelles* R8:H,, N"L9:NTH11:C:, C: K12:N' P14:C:
M15:C N F17:C:

Apelin-17 with DPC K1:HY, H, N F2:N' R3:H-, N" R4:H» Q5:N' R6:H-, N

micelles* R8:H L9:N" HI11:H-, C-, N K12:H: M15:C-

*The only side chain "N shift determined was Q5-N..
TAmbiguous assignment (chemical shift assigned, but not uniquely for this resonance)
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Table 3.5: Summary of the restraints employed for the final ensemble of 80 retained
structures from 200 calculated structures, XPLOR-NIH energies and violation
occurrences. Structural statistics for apelin-17 in buffer at 35 °C are shown for
comparison.

Apelin-17 with SDS Apelin-17 in buffer

Total rounds of refinement 8 12
Unique NOE restraints

Total 522 285
Intra-residue 248 146
Sequential 188 108
Medium Range (|i - j|<4). 46 22
Long Range (|i - j| > 4). 0 0
Ambiguous 40 9
Ramachandran plot statistics

Core 33% 26%
Allowed 51% 52%
Generously allowed 10% 10%
Disallowed 6% 13%
Number of type I B-turns 45 9
Number of type IV p-turns 274 123
Number of type VIII B-turns 6 10
XPLOR-NIH energies (kcal/mol)*

Total 26921 45.1+54
NOE 46+10 06+0.5
Violations

NOE Violations > 0.5 A 0 0
NOE Violations of 0.3-0.5 A 1 0
NOE Violations of 0.2-0.3 A 4 4

? Ranges are given by average deviations for XPLOR-NIH energies.
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Bovine pancreatic Glucagon
Site polypeptide

Pituitary adenylate cyclase
activating polypeptide

Porcine peptide YY Proadrenomedullin Rat islet amyloid
N-terminal peptide polypeptide

Figure 3.1: Superposed structures of the peptides listed in Table 3.1. Where possible, all
members of an ensemble have been superposed over the converged regions using
LSQKAB (118). Backbone atoms are shown in black and the side chains of residues that
are implicated in membrane-binding are in blue, whenever the NMR ensemble was well
superposed.
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Figure 3.2: The structure of membrane mimetics used in my studies. Structures are shown
for (A) SDS, (B) DPC and (C) LPPG micelles. A cross-section of a spherical micelle is
shown in (D) with the lipid headgroups shown as circles and hydrophobic tails shown as
lines.
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HsC OH

Figure 3.3: The structures of 5-doxylstearic acid (A) and 16-doxylstearic acid (B).
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Figure 3.4: Far-ultraviolet CD spectra of (A) apelin-12 and (B) apelin-17 in 20 mM
phosphate, SDS micelles, DPC micelles and LPPG micelles alongside a difference

spectrum between LPPG and buffer.
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Q5 R6 P7 R8 L9 Si® H11K12G13 P14 M15P16 F

A3 C* (ppm) Ad H* (ppm)

A3 CP (ppm)

-1.5 7 Residue
Buffer mSDS mDPC

Figure 3.5: Apelin-17 secondary chemical shifts for H-, C: and C at 35 °C in buffer, SDS
micelles and DPC micelles. Horizontal lines show the Ad cut-off significant for
secondary structuring (106) Note that C- and C+ for proline have identified significance
ranges of 4 ppm (not shown).
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Figure 3.6: Retained peak intensity (error bar is average deviation) of apelin-17 in SDS
micelles with indicated amounts of (A) Mn*" or (B) 5-DSA, 16-DSA calculated from
intensities of "H-"H TOCSY peaks relative to a reference spectrum.
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Figure 3.7: NOE contacts on a per-residue basis used in the calculation of the final
structural ensemble of apelin-17 with SDS. Intraresidue, short (sequential) and medium
(li-j| £4) contacts are shown.
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Figure 3.8: Analysis of the 80 member NMR-based structural ensemble of apelin-17
bound to SDS micelles: (A) ¢ and (B) y angle average deviation (bars) and order
parameters (lines, (175)). RMSD calculated iteratively for (C) backbone atom
superpositions over 7 residue segments and (D) all heavy atoms over 3 residue
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a superposition.
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Figure 3.10: Structure of apelin-17 bound to an SDS micelle: A) superposition of the
final ensemble of structures from R6-K12 (R6-K12 coloured blue, remainder green) with
P7 and S10, initiation points of type I and type IV p-turns, respectively, indicated. B)
Zoom of superposition in (A) (backbone atoms green) showing cationic side chains of R6
and R8 (blue; all other side chains red) falling on the same face of apelin-17. C)
Superposition of all heavy atoms of M15-F17 for all ensemble members, with the peptide
backbone shown in blue and side chains coloured red.
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Chapter 4:
Structure And Function Of The First TM

Segment And N-Terminal Tail Of AR

4.1. Introduction

In the previous two chapters I have described the structure of apelin-17 in solution and
how it changes when binding to anionic membrane mimetics. Although this information
is helpful for understanding how apelin-AR interactions take place, it does not provide
information on AR itself. In this chapter, I continue my characterization of the apelin-AR
system by determining the structure of a fragment of AR and by completing functional

assays on full length AR.
4.1.1. Current Structural Data Of AR

Currently there is no published experimental structural data for AR. There have been
two mutagenesis studies on AR that probe the binding to and activation of AR by apelin.
However, the coverage of the receptor is too sparse to make any conclusions about the
ligand binding site or mechanism of activation. Zhou et al. (100) showed that deletion of
the first 10 amino acids has no effect on function while deletion of the first 20 residues
completely disrupts binding between apelin and AR. Furthermore, mutations of E20 and
D23 to alanine prevent apelin from binding despite normal receptor localization. Iturrioz
et al. (128) examined W152, F255 and W259, demonstrating that mutation of W152 to
alanine or phenylalanine in TM IV affected folding. Mutation of F255 to alanine or
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tryptophan and W259 to alanine or phenylalanine in TM VI indicates the importance of

these residues for internalization of AR but not apelin binding.

4.1.2. The Divide And Conquer Approach To Membrane

Protein Structure

Full-length membrane proteins are generally challenging to characterize structurally
(50). The “divide and conquer” approach provides a tractable avenue to collect structural
information about a membrane protein of interest. In this approach, individual segments
of membrane proteins are studied in a membrane mimetic environment and are assumed,
following from the multi-step cycle of membrane protein folding (150, 190, 191, 192), to
have structural integrity with the same segment in the context of a full-length protein
(193). The clear pitfall of the divide and conquer technique is that tertiary and quaternary
information of the receptor in question is lost. However, the divide and conquer approach
has been extensively applied to many GPCRs (60, 61, 144, 145, 146, 147, 194, 195, 196).

The problem of lost tertiary information has been addressed in a variety of ways by
using other techniques to determine tertiary structure, such as using electron
paramagnetic resonance spin labels to generate long range distance restraints in
bacteriorhodopsin (197). In another approach, NMR studies can also focus on a fragment
containing multiple TM segments, which then provides some tertiary information about
the full length receptor (154).

In this chapter I provide the high resolution structure of the N-terminal tail and first TM
segment of AR fused to a polyhistidine tag (ARS5S5) solubilized in DPC micelles. The

structural data were used to guide mutagenesis and functional assays on full length AR. I
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then discuss the significance of the current and previous mutagenesis data in the context

of the ARSS5 structure.

4.2. Materials And Methods

4.2.1. Materials

pEXPS5-CT vector, reagents for polymerase chain reaction (PCR) amplification of
DNA and fetal bovine serum (FBS) were supplied by Invitrogen (Burlington, ON).
Bacterial codon optimized ARSS as well as DNA primers for PCR amplification and
mutagenesis were purchased from BioBasic Inc. (Markham, ON). HPLC grade
acetonitrile, trifluoroacetic acid (TFA), dithiothreitol (DTT), ampicillin, bovine serum
albumin (BSA), isopropyl B-D-1-thiogalactopyranoside (IPTG) and reagents for making
LB media were purchased from Fisher Scientific (Ottawa, ON). DPC-dss, DTT-ds,
deuterium oxide (D,0O; 99.8 atom % D) and D,O containing 1% (w/w) DSS were
obtained from C/D/N Isotopes (Pointe-Claire, QC). Uniformly "*C labelled glucose and
>N labelled ammonium chloride were obtained from Cambridge Isotope Laboratories
(St. Leonard, QC). Non-cross reactive anti-rabbit Dylight 549 conjugated and anti-mouse
Dylight 649 conjugated antibodies were purchased from Rockland (Gilbertsville, PA).
The apelin-17 used in this study is the same as was prepared in chapter 2. Dulbecco's
modified Eagle's medium (DMEM) and all other chemicals were obtained from Sigma-

Aldrich (Oakville, ON).
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4.2.2. Cloning And Expression Of AR55

PCR was used to amplify the purchased deoxynucleotide sequence encoding AR55 and
clone it into pEXP5-CT vector according to the conditions in Table 4.1. The forward and
reverse primers used had the sequences 5-ATGGAAGAAGGCGGCGAT-3" and 5'-
TTTGCGAAACACGGTCCA-3' respectively. The PCR product was then directly ligated
into pEXPS5-CT vector. Sequencing (BioBasic Inc.) was used to check for correct vector
insertion of the PCR product to code for the following amino acids: MEEGGDFDNY
YGADNQSECE YTDWKSSGAL IPAIYMLVFL LGTTGNGLVL WTVFRKKGHH
HHHH, corresponding to the first 55 residues of AR as well as a C-terminal Hise-tag.
High yield expression of uniformly '*C/"°N-labelled AR55 was achieved with BL-
21(DE3) E. coli grown in LB medium to an ODgy of 0.6 and transferred to a one half
equivalent volume of minimal medium (100 mM NaH,PO4 , 40 mM K,HPO,4 , 4 mM
MgSO; , 1.8 uM FeSOy , 2g/L uniformly °C labelled glucose, 1g/L of "NH4Cland 100
mg/L ampicillin, titrated with NaOH to pH 7.3), as previously described (198).
Expression was induced by adding IPTG to 0.5 mM followed by shaking (37 °C, 4 h) and
centrifugation of the cells (3000xg, 15 min). Expression and initial purification of AR55

was monitored by SDS-PAGE.
4.2.3. Purification Of AR55

Cell pellets were resuspended (50 mM Tris-HCl buffer, pH 8.0, 25% w/v sucrose, 1
mM EDTA, 0.1% w/v NaAzide, 5 mM MgCl, 0.03 mg/mL Dnase I and 1% Triton-X
100), sonicated and centrifuged (15,000xg, 30 min). The pellet was washed 4x (50 mM

Tris-HCI buffer, pH 8.0, 0.5% Triton-X100, 100 mM NaCl, 1 mM EDTA). The resulting
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inclusion body-containing pellet (199) was resuspended in acetonitrile:H,O (1:1 v:v)
containing 0.1% TFA, filtered (0.2 um filter, Millipore, Billerica, MA) and reduced with
DTT at ~100 mM prior to reversed-phase HPLC (Cosmosil Cig column, 5 um particle, 20
x 250 mm) with a linear gradient from 45% to 65% acetonitrile in H,O, 0.1% TFA over
15 min using a Beckman System Gold (Mississauga, ON)). Sample purity was assessed
by analytical HPLC (AAPPTec Sprit Peptide C;s column, 5 um particle, 4.6 mm x 250
mm) with a linear gradient from 2% to 80% acetonitrile in H,O, 0.1% TFA over 39 min.
Peaks were collected and immediately lyophilized, with ARS5 peak identity confirmed
by matrix assisted laser desorption ionization mass spectrometry using a Micromass

M@LDI instrument (Waters, Mississauga, ON) at the NRC-IMB.
4.2.4. NMR Spectroscopy Of AR55

An NMR sample was prepared with 1 mM “C/"N AR55 in 90% H,0/10% D,O
containing 150 mM DPC-dss, 20 mM Na'CD;COO", 1 mM DSS, 1 mM NaNj; and 10
mM DTT-dg at pH 4.00+0.05, without accounting for deuterium isotope effects. 'H-""N
HSQC, HNCO, HNcaCO, HNCA, HNcoCA, HNCACB, HNcoCACB (500 MHz) as well
as "N-edited NOESY (800 MHz, 125 ms mixing time) experiments were acquired at the
Québec / Eastern Canada High Field NMR facility (Montreal, QC) using Varian INOVA
instruments. The HcCH TOCSY and a "“C-edited NOESY (125 ms mixing time)
experiments were collected using a 700 MHz Bruker Avance III spectrometer at NRC-
IMB. Table 4.2 provides detailed acquisition parameters for the experiments. A second
NMR sample was prepared with 0.5 mM >N AR55 and 77 mM DPC in the same buffer

as the previous sample. 'H-""N HSQC spectra were acquired before and after the addition
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of 2 mM apelin-17 on a Bruker 700 MHz Avance III spectrometer (NRC-IMB) in order

to test for binding between ARS55 and apelin-17.

4.2.5. Assignment And Structure Calculation Of AR55

The data were processed using NMRPipe (114) and assigned manually with CCPNMR
Analysis version 2.1.5 (95). Assignments were made following the main chain directed
approach (82). NOESY peak volumes were binned into distance restraint classes of 1.8-
2.8A,1.8-4A,1.8-5A and 1.8-6 A using CCPNMR Analysis. XPLOR-NIH version 2.19
(89, 90) was used for generation of 100 member structural ensembles. After each round
of structure calculation, a Tcl/Tk script was used to identify restraint violations that were
then either reassigned or lengthened. Eleven rounds of iterative structure calculation led
to an ensemble of structures that converged, as indicated by reported XPLOR-NIH total
energies. The 40 lowest energy structures were retained as the final ensemble. The final
ensemble was then analyzed 1) using Procheck-NMR (115) to determine the proportion of
residues in favoured, allowed, generously allowed and disallowed regions of the
Ramachandran plot; and ii) with an in house tcl/Tk script to calculate both the deviation
and order parameter (as defined by Hyberts et al. (175)) of the ¢ and y dihedral angles.
The LSQKAB software of the CCP4 suite (118) was used to superpose the ARSS
ensemble over structurally converged regions and an in-house tcl/tk script was used to
calculate the RMSD of the backbone atoms within the superposed region. The final
structural ensemble of ARSS5 solubilized in DPC micelles has been deposited in the PDB
((200), accession #: 2LOU) using SMSDep. The chemical shift, spectral peak list and

restraint data have been deposited to the BMRB ((121), accession # 18225).
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4.2.6. Mutagenesis Of AR

3xHA-tagged AR was purchased from the Missouri University of Science and
Technology ¢cDNA resource center and was mutated using Phusion (New England
Biolabs, Pickering, ON) or QuikChange (Stratagene, Wilmington, DE) mutagenesis kits
according to the conditions in Table 4.1. Both alanine and isoleucine single point mutants
were generated at G42, T43, T44, G45, N46 and G47. In addition N46D and N46Q
mutants were constructed. All constructs were sequenced (Genewiz Inc, Cambridge, MA)
for exactitude. The primer sequences and site directed mutagenesis kit used for each

mutation are detailed in Table 4.3.

4.2.7. Extracellular Regulated Kinase (ERK)

Phosphorylation

HEK 293A cells were subcultured into 6 well plates and grown in DMEM containing
10% FBS. At ~50% confluence, cells were transfected by adding 100 pL of a solution
containing 2 pg of DNA, 20 ug of polyethylenimine and 100 uL DMEM. The media was
aspirated and replaced with DMEM 8 hours post-transfection. Stimulation occurred 24
hours post-transfection with 1 uM apelin-17 for 5 min. After stimulation, the cells were
harvested with 1 mL of cold phosphate buffered saline (PBS). Cell pellets were
resuspended in 80 uL of radioimmune precipitation assay buffer (50 mM Tris/HCI, pH
7.5, 10 mM MgCl,, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1%
SDS, Complete Protease inhibitors (Roche, Laval, QC), DNase I, 2 mM sodium
orthovanadate and 1 mM sodium fluoride) and 20 pL of 5x SDS sample loading buffer

and then heated to 65 °C for 10 min. The lysate was resolved by SDS-PAGE at 200 V for
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45 min, with transfer onto nitrocellulose membrane at 115 V for 75 min. The membranes
were blocked in blocking buffer (Tris buffered saline with 2% w/v BSA) for 1 hour and
then incubated in blocking buffer with primary antibodies for ERK (polyclonal rabbit,
1:1000) and phospho-ERK (monoclonal mouse, 1:500) at 4 °C overnight. Secondary
antibodies (1:2000 donkey anti-rabbit and 1:1000 donkey anti-mouse) were applied for 1
hour in blocking buffer. After final washing and drying the membrane was imaged on a

VersaDoc imaging system (Biorad, Mississauga, ON).

4.2.8. Immunofluorescence Microscopy

HEK 293A cells were grown on coverslips in DMEM containing 10% FBS until about
50% confluence. Transfection occurred as earlier except only 12 pg of PEI was used and
media was refreshed with DMEM with 10% FBS. Cells were washed in warm PBS and
then fixed in 2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 10
min 24 hours post-transfection. Coverslips were blocked with PBS containing 5% normal
donkey serum for 20 min then incubated with primary antibody (1:1000 mouse anti HA,
Covance, Montreal, QC) for 1 hour. After washing, the coverslips were incubated with
secondary antibody (1:500 Cy5 conjugated Donkey anti mouse, Jackson
Immunoresearch, West Grove, PA) for 30 min. Fluorescence mounting medium (Dako,
Burlington, ON) was used for mounting the coverslips. Fluorescence images were
acquired on a custom built Zeiss Axio Observer Z1 inverted microscope (Intelligent
Imaging Innovations (3i), Boulder, CO), equipped with a solid state Spectra light source
(Lumencor, Beaverton, OR). The cells were observed using a 40X objective (1.3 N.A)
and images were recorded using an HQ2 charge-coupled device camera (Photometrics,

Tucson, AZ, USA) and Slidebook 5.0 software (31, Boulder CO). For each AR mutant, at
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least three representative fields of view were collected. Further image processing was

done using Photoshop CS5 (Adobe).

4.3. Results And Discussion

4.3.1. Purification Of AR5S5

Expression of “C/"°N uniformly labelled AR55 was successfully induced in BL-
21(DE3) E. coli with IPTG. An initial inclusion body purification provided ARS5S5 as the
main component of the inclusion body pellet (Figure 4.1). AR55 was further enriched to
> 95% purity through HPLC (Figure 4.2), with a final yield of ~5 mg/L. Mass
spectrometry analysis indicated the mass of purified °C/"°N ARS55 to be 7658.8 Da
(Figure 4.3). The expected masses of unlabelled and 100% "C/"°N labelled AR55 are
7296 Da and 7708 Da, respectively, indicating ~88% efficiency of “C and "N

incorporation.

4.3.2. Structure Of AR55 In DPC Micelles

The 'H-'"N HSQC spectrum of AR55 solubilized in DPC micelles has extensive
resonance overlap (Figure 4.4), however, spectral resolution using 3D NMR experiments
was still sufficient for resonance assignment. Nearly complete assignment of 'H, "*C and
PN for AR55 was accomplished using the main chain directed approach, TOCSY and
NOESY spectra (Table 4.4). Through analysis of the “C- and ""N- edited NOESY
spectra, 1608 unique NOE contacts were observed for ARS55 (Table 4.5). The NOE
restraints were not evenly distributed throughout the peptide with residues L30-K57

having the most medium range (]i-j| < 4) restraints (Figure 4.5), suggesting that the TM
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region of ARS5 is more structured than the N-terminal tail. Residues G42-G47 also have
a reduced number of NOE restraints, indicating that this region may be less structured
than the area around it. This notion is supported by the pattern of NOE contacts, chemical
shift index (CSI, (106)) and DANGLE (201) predictions (Figure 4.6). Both CSI and
DANGLE predict protein secondary structure based solely on the chemical shifts of its
nuclei. Canonical a-helical NOE contacts (aN (i, i+3), aN (i,i+4) and of} (i, i+3), (124))
are observed from N15-W24, A29-1.41 and T44-R55 while analysis of the chemical shift
deviation from random coil (106) predicts extensive helical structure from I131-K57.
Finally, the DANGLE algorithm (201) predicts the TM region of ARS55 to be composed
of two helices with a disruption in helical character from G42-N46 and the presence of a
third helix in the N-terminal tail of AR from N15-K25 (Figure 4.6).

Using the experimental distance restraints and iterative refinement, 11 sets of 100
member structural ensembles were generated. The 40 lowest energy structures of the last
round were taken as the final 40 member structural ensemble of ARSS, which agrees with
the experimental data and has good Ramachandran plot statistics (Table 4.5). Analysis of
dihedral angle variability in the structural ensemble (Figure 4.7) indicates that the D14-
C19, E20-K25, A29-N46 and G47-K57 regions of ARS5 are converged, displaying high
¢ and @ dihedral angle order parameters over these ranges. Each of these regions is
superposed on a representative ensemble member in Figure 4.8, with backbone atom
RMSD values of 1.30, 0.97, 0.68 and 0.65 A respectively. The remainder of ARSS,
including parts of the N-terminal tail and the Hisg-tag, is seen to be largely disordered.

TM I in ARSS5 has a helix-kink-helix structure, with the kink occurring in the relatively

polar region (GTTGNG) around N46. The angle of the kink is highly variable, with
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measurement by the MC-HELAN algorithm (chapter 6, (4)) providing an ensemble
average kink angle of 69° + 20°. The N-terminal tail of AR55 has a converged helix from
residues D14-K25, with a flexible point at C19-E20. In this region the E20 and D23 side

chains are on the same side of a helix and produce an anionic surface (Figure 4.9).

4.3.3. G42, G45 And N46 Are Required For Proper Folding

And Function Of AR

After analysis of the ARSS structure, it was clear that the polar residues surrounding
the kink may be important for function. With this in mind, residues G42-G47 were
selected for functional characterization by mutagenesis. Following previous
demonstration of AR stimulation leading to ERK phosphorylation in transfected HEK
293A cells (35), this phosphorylation process was monitored for transiently transfected
3xHA-AR mutants in HEK 293A cells upon stimulation with 1 uM apelin-17 for 5 min.
Residues G42, G45 and N46 showed significant sensitivity to mutation while T43, T44
and G47 did not (Figure 4.10). The residue at each position was substituted for both
alanine and isoleucine, with isoleucine generally having a more pronounced effect. N46
was particularly sensitive to mutation; the N46A, N46D and N46I mutants all had
severely impaired function while the N46Q mutant functioned well.

Through immunofluorescence microscopy, the general localization of both wild-type
3xHA-AR and each of the AR mutants was established. For the wild-type receptor,
proper membrane trafficking and localization of 3xHA-AR was apparent (Figure 4.11).
There were 5 mutants (G421, G451, N46A, N46D, N461) where the surface localization of

the receptors appeared to be impaired relative to the wild-type receptor. GPCR
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maturation begins after translation when it is post-translationally modified in the
endoplasmic reticulum and Golgi apparatus (202). Therefore, the abnormal surface
distribution seen may already begin when AR is being processed intracellularly. Many
GPCRs are present in homo- and heterodimers and it is likely that for these mutants these
protein-protein protein interactions are dysfunctional. The data that I have collected is
insufficient to determine if the inactive AR mutants are inactive due to improper folding
of the receptor, or due to the receptor undergoing completely non-native protein-protein
interactions. However, given the importance of N46 for interhelical hydrogen bonding

within AR there is likely to be improper folding of AR.

4.3.4. G42, G45 And N46 Are Likely Essential For

Interhelix Interactions

As is clear from both ERK phosphorylation (Figure 4.10) and AR localization (Figure
4.11), mutations at G42, G45 or N46 severely affect the folding of AR. These residues
are in or proximal to the kink in TM I that is observed in the AR55 NMR structure
(Figure 4.8). N46 is completely conserved in class A GPCRs (203). In all of the currently
solved crystal structures of GPCRs, the side chain of this asparagine is H-bonded to the
backbone carbonyl oxygen of a serine (B;AR, B,AR, A2A, dopamine, histamine and M2
muscarinic receptors) (51, 52, 53, 55, 56, 58), cysteine (CXCR4) (57) or alanine (bovine
rhodopsin) (54) in TM VII, highlighting its importance for proper folding of AR. The
N46D mutant is inactive, while stimulation of the N46Q mutant causes the same response
as wild-type AR. This indicates that the amide moiety of the side chain is essential, but

that there is ability to accommodate variation in size. Given this, the reason an N to Q
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substitution at residue 46 is not more prevalent in nature is an interesting question for
future consideration.

Although the structure of TM I is quite variable in GPCRs, both bovine rhodopsin and
the CXCR4 chemokine receptor have a kink near the N46 position in TM I (Figure 4.12).
There is also little mutational data in GPCRs at this conserved asparagine. Since the
conserved asparagine is H-bonded to TM VII, which changes conformation during GPCR
activation (73), the proximal kink in TM I may simply allow flexibility for the
conformational changes required for activation to occur.

Residues G42 and G45 are highly conserved in class A GPCRs (40-60% and 60-80%
respectively, (203)) but do not show specific conserved inter-helix interactions as seen
with N46. Rather, these are generally on the same face of the TM I helix, implying that
the small glycine side chains may be generally employed in TM I to allow both proper

packing the proximal TM VII segment (204).

4.3.5. A Potential Role For T43 And T44?

Sequence analysis has provided a map of evolutionary conservation in GPCRs.
Although their position in the GPCR sequence is somewhat conserved (40-60%), T43
and T44 appear to be rather unique, being present in only ~3% of class A GPCRs. Even
in the closely related AT, receptor, the amino acids at the corresponding positions are
hydrophobic residues. However, in this study neither T43 nor T44 appeared to be very
sensitive to mutation. In related GPCR structures, the corresponding residues face the
lipid bilayer. If T43 and T44 face the lipid bilayer, this would render them accessible for
intermolecular interactions and/or lead to association of water molecules that could in

turn disrupt lipid tailgroup packing and allow for increased flexibility of the TM I kink.
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4.3.6. E20 And D23 May Form A Binding Face For Apelin

The 12-residue region of the N-terminal tail that showed structural convergence
contains the residues E20 and D23 previously shown to be essential for apelin binding to
AR (100). These residues are structured such that both anionic side-chains are located on
the same face of the tail. Taken in context with the two-step model of GPCR-ligand
binding, it is possible that the first stage of binding between apelin and AR would be
promoted by an electrostatic interaction between the cationic face from R6-L9 of apelin
that I discuss in chapters 2 and 3 and the anionic surface created by E20 and D23. TM 1
of GPCRs have been shown to play a role with ligand binding, where in the dopamine D1
and D5 receptors the N-terminal tail and TM I of the receptor influences ligand
specificity and efficacy (205).

In pursuit of quantifying the interaction of ARS55 with apelin-17, the two molecules
were titrated together. However, no significant perturbations were seen in 'H-">’N HSQC
spectra of ARS55 (Figure 4.13). This suggests that E20 and D23, although essential for

apelin to bind to AR, are not sufficient for significant binding to occur.

4.3.7. Comparison Of The AR55 Structure With An

AR Model

An atomistic molecular dynamics simulation of AR was generated by Aaron Banks in
the Rainey lab. With no structural data present for full length AR, this model helps to put
the structure of AR55 into context with the rest of AR. Overall, the observations seen for
ARSS5 hold true in the generated model. The kink at N46 is still present in the AR model

and the side chain of N46 forms a hydrogen bond to TM VII which would be expected

112



based on other GPCR crystal structures. Also T43 and T44 face the lipid bilayer and have
several associated water molecules. Although this does not indicate that T43 and T44 are
important for protein-protein interactions, this model does clearly indicate that the
hydroxyl groups of the threonine residues are not stabilized by AR itself. Finally, the
anionic side chains of E20 and D23 continue to create an anionic face in the extracellular
region of the AR model. In addition to providing confirmation to the structural features
observed in ARSS, the agreement between the AR model and ARSS structure suggests

that the divide and conquer technique is applicable to AR.

4.4. Summary

Overall, this study illustrates a strong correlation between functionally essential
residues and structural features in the N-terminus and first TM segment of AR. ARSS
solubilized in DPC micelles consists of two disrupted helices, spanning residues D14-
K25 and A29-K57. Residues E20 and D23 form an anionic face, giving mechanistic
insight into previous mutagenesis studies identifying these residues as essential for
binding of apelin to AR. A kink in the otherwise helical TM I segment is located at the
conserved N46 that could provide flexibility during activation, with a pair of proximal

glycine residues allowing both flexibility and close inter-helical packing.
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Table 4.1: The reaction composition and thermocycling conditions used for PCR
amplification of DNA.

ARSS cloning

Phusion site directed QuikChange site

mutagenesis of AR

directed mutagenesis of

AR
Reaction
composition
Volume (uL) 50 20 50
Buffer I1x PCR Buffer 1x Phusion HF 1x Pfu Ultra HF reaction

no Mg2+ reaction buffer buffer

Template DNA 20 1 100
(ng)
[Primers] (uM) 0.5 0.5 0.2
Final [Mg*"] (mM) 2 1.5 2
[DNTPs] (uM) 200 200 250
Polymerase type Platinum 7ag, Phusion, 0.8 U Pfu Ultra polymerase II,
and amount 2U 2.5U
Cycling
conditions
Initial denaturation 94 °C, 5 min 98 °C, 30 sec 95 °C, 1 min
Number of cycles 39 25 15
Melting step 94 °C, 1 min 98 °C, 10 sec 95 °C, 30 sec
Annealing step 50 °C, 2 min N/A (2 step PCR) 55 °C, 30 sec
Extension step 72 °C, 1 min 72 °C, 3 min 72 °C, 2 min
Final Extension 72°C,15min 72 °C, 10 min 72 °C, 10 min
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Table 4.2: Detailed experimental parameters used for data acquisition of AR55 solubilized in DPC micelles.

Experiment Recovery # of # of complex points Sweep width (Hz) Center position H Facility
delay (s)  scans (ppm) frequency
(MHz)

'H-"CHSQC 1.2 4 'H:1024 "*C:256 'H:8000 "°C:10053 'H:4.66 °C:34.9 500 QANUC

'H-"NHSQC 1.2 4 'H:1024 °N:128 'H:8000 °N:1418 'H:4.66 °N:117 500 QANUC

HNCO 1.2 4 'H:1024 *C:64 'H:8000 "C:1257 'H:4.66 °C:175 500 QANUC
’N:32 "N:1418 PN:117

HNCA 1.2 8 'H: 1024"C:64 'H:8000 "*C:3770 'H:4.66 °C:56 500 QANUC
*N:60 "N:1418 PN:117

HNcoCA 1.2 16 'H:1024 *C:64 'H:8000 *C:3770 'H:4.66 °C:56 500 QANUC
’N:52 N:1165 N:115.5

HNCACB 1.2 16 'H:1024 *C:100 'H:8000 "*C:8796 'H:4.66 °C:46 500 QANUC
’N:52 N:1165 N:115.5

HcCH TOCSY 1.5 8 'H:4096 'H:128 'H:9804 'H:6161 'H:4.66 'H: 4.66 700 NMR-3
13C:48 1B3C:6689 13C:29.6

NOESY-"C 1.5 8 'H:2048 'H:170 'H:9804 'H:6161 'H:4.66 'H: 4.66 700 NMR-3

HSQC Bc:56 1B3C:6689 13C:29.6

NOESY-"N 1.2 8 'H:1024 'H:220 'H:8000 'H:6246 'H:4.66 '"H:4.66 500 QANUC

HSQC >N:60 "N:1418 PN:117
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Table 4.3: Primer sequences and mutagenesis method used to construct the AR mutants.

Mutant Forward Primer (5'-3") Reverse Primer (5'-3") Mutagenesis
kit used

G42A  GGTCTTCCTCCTGGCCAC CCGTTTCCCGTGGTGGCC QuikChange
CACGGGAAACGG AGGAGGAAGACC

G421 GTTGGTCTTCCTCCTGATC CCGTTTCCCGTGGTGATC QuikChange
ACCACGGGAAACGG AGGAGGAAGACCAAC

T43A  CTTCCTCCTGGGCGCCAC CGTTTCCCGTGGCGCCC  QuikChange
GGGAAACG AGGAGGAAG

T431 GTCTTCCTCCTGGGCATC CAGACCGTTTCCCGTGA  QuikChange
ACGGGAAACGGTCTG TGCCCAGGAGGAAGAC

T44A  CTCCTGGGCACCGCCGGA CAGACCGTTTCCGGCGG  QuikChange
AACGGTCTG TGCCCAGGAG

T441 CCTCCTGGGCACCATCGG CACCAGACCGTTTCCGA  QuikChange
AAACGGTCTGGTG TGGTGCCCAGGAGG

G45A  CTGGGCACCACGGCAAAC CACCAGACCGTTTGCCG  QuikChange
GGTCTGGTG TGGTGCCCAG

G451 CTCCTGGGCACCACGATC GAGCACCAGACCGTTGA  QuikChange
AACGGTCTGGTGCTC TCGTGGTGCCCAGGAG

N46A  GGCACCACGGGAGCCGG CAGGAGGAAGACCAACA Phusion
TCTGGTGCTC TGTAGATG

N46D  GACGGTCTGGTGCTCTGG TCCCGTGGTGCCCAGGA  Phusion
ACC G

N46Q CAGGGTCTGGTGCTCTGG TCCCGTGGTGCCCAGGA  Phusion
ACC G

N461 GGCACCACGGGAATCGGT CAGGAGGAAGACCAACA Phusion
CTGGTGCTC TGTAGATG

G47A  ACCACGGGAAACGCCCTG GCCCAGGAGGAAGACCA Phusion
GTGCTCTGG ACATGT

G471 ACCACGGGAAACATCCTG GCCCAGGAGGAAGACCA Phusion
GTGCTCTGG ACATGT
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Table 4.4: The number of possible assignments and the numbers of assigned resonances
for different isotopes and resonance types of AR55 in DPC micelles. Data for this table
were generated using CCPNMR Analysis (95).

Category Total possible ARSS_DPC assignments
# %

Carbon 315 270 86

Proton 363 358 99

Nitrogen 88 70 80

Amide 126 124 98

Backbone 254 249 98

Backbone non-'H 192 187 97

Side chain 'H 301 296 98

Side chain non-'H 211 153 73
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Table 4.5: Summary of iterative structure calculation protocols, restraints and structural
statistics of the lowest energy 40 structures (out of 100) for ARS55 solubilized in DPC
micelles.

Rounds of structure calculation 11

Unique NOE restraints

Total 1608
Intraresidue 788
Sequential 424
Medium range (|i-j| < 4) 322
Long range ([i-j| > 4) 0
Ambiguous 74
Residue Ramachandran plot

statistics

Core 39.2%
Allowed 47.3%
Generously allowed 9.3%
Disallowed 4.2%
XPLOR-NIH energies

(kcal/mol)*

Total 3908 = 1.7
NOE 1.1 0.6
Violations

NOE violations > 0.5 A 0

NOE violations of 0.3-0.5 A 1

NOE violations > 0.2-0.3 A 0

* Ranges are given by average deviations for XPLOR-NIH energies.
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Figure 4.1: A 15% SDS-PAGE gel after electrophoresis and coomassie blue staining
demonstrating successful expression and inclusion body purification of ARS5S5. The
Benchmark protein ladder (Invitrogen) is shown on the left, with cell pellets from BL-21
(DE3) E. coli (A) without induction, (B) 4 hours after induction with 0.5 mM IPTG and
(C) the resolubilized pellet after the inclusion body purification. The band corresponding
to ARSS is denoted by *.
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Absorbance

Time (min)

Figure 4.2: Reversed-phase HPLC analysis of purified AR55. HPLC was carried out
using a C;g column (Sum particle, 4.6 mm X% 250 mm Spirit Peptide column, AAPPTec)
with a water:acetonitrile solvent mixture progressing from 2% to 80% B over 39 min.
Only one major peak is visible that corresponds to ARS55 (Figure 4.3) and elutes at ~32
min. The initial peak at 2 min is due to injection of the sample.
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Figure 4.3: Matrix assisted laser desorption ionization mass spectrometry analysis of the
sample shown in Figure 4.2. The peak denoted by ** corresponds to “C/"°N uniformly
labelled AR55 (m/z = 7659.8 amu, expected mass of 100% “C/"°N labelled AR55 is

7708 amu). The second major peak denoted by * likely corresponds to the +2 ion (m/z =
3832 amu, ~ half the value of the major peak).
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Figure 4.4: 'H-""’N HSQC spectra of AR55 solubilized in DPC micelles at 37 °C. The
data were acquired at 700 MHz at NRC-IMB.
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Figure 4.5: A breakdown of per-residue NOE contacts used to calculate the final
ensemble of structures, with short (sequential) and medium (Ji-j| < 4) NOE interactions
shown for ARS5 solubilized in DPC micelles. Note that these plots do not include the
ambiguous NOE contacts shown in Table 4.5.
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Figure 4.6: Through-space contacts observed for ARS55 solubilized in DPC micelles.
NOE contacts between indicated resonances are indicated by horizontal lines. The thicker
the horizontal line, the closer the two resonances are to each other. Values of CSI (106)
as well as secondary structure predictions using the DANGLE algorithm (201) are
shown. This figure was generated using CCPNMR Analysis (95).
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Figure 4.7: An overview of the convergence of the ¢ (A) and ¢ (B) angles of the
members of the ARSS structural ensemble. Both the deviation (bars) and order parameter

(dashed line) are indicated.
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Figure 4.8: A superposition of 40 members from the ARS5 structural ensemble created
using Pymol. The main chain of one structure is shown in black. Over areas of structural
convergence the backbone of all 40 members are superposed (D14-C19 in black, E20-
K25 in blue, A29-N46 in red and G47-K57 in green).
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Figure 4.9: A view of ARS5 with only E20-K25 superposed. The backbone residues are
shown in black, with all 40 ensemble members superposed in blue over the converged
region. The side chains of E20 and D23 are shown in red and fall on the same face of the
helix.
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Figure 4.10: Functional analysis of 3xHA-AR mutants. For empty vector and each
mutant, the fold ERK phosphorylation compared to wild-type receptor after stimulation
by apelin-17 is plotted (B). Representative western blots are shown in (A). Error is shown
as standard error and for each mutant the experiment was replicated at least 3 times (*=

p< 0.05; **=p<0.01).
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Figure 4.11: Distribution of 3xHA-AR in transiently transfected HEK 293A cells as
shown by surface immunofluorescence microscopy. A differential interference contrast
(DIC) field of view overlaid by the signal from Cy5 bound to 3xHA-AR is shown. The
scale bar in corner of each image corresponds to 10 wm.
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Figure 4.12: The structures of solved GPCRs. In each panel, TM I of the GPCR 1is black
with the conserved asparagine residue shown in red. The GPCRs shown above are: (A):
Bovine rhodopsin (1F88, (54)), (B): p2-adrenergic receptor (2RHI, (56)), (C): p1-
adrenergic receptor (2VT4, (53)), (D): A2A adenosine receptor (3EML, (52)), (E):
CXCR4 chemokine receptor (30E6, (57)), (F): Dopamine D3 receptor (3PBL, (51)), (G):
Histamine H1 receptor (3RZE, (55)) and (H): M2 muscarinic receptor (3UON, (58)).
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Figure 4.13: "H-""N HSQC spectra of 0.5 mM AR55 solubilized in DPC micelles before
(black) and after (red) addition of 2 mM apelin-17. These spectra were acquired at 700
MHz at NRC-IMB.
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Chapter 5:
The Effect Of Membrane Mimetics On

AR55 Structure

5.1. Introduction

In the previous chapter I described the kink observed in the TM region of ARSS
solubilized in DPC micelles. One question that I have not yet addressed is if this could be
an artefact due to the membrane mimetic that I used. This leads to the even bigger
question of how much of an influence the choice of membrane mimetic has on the
structure of ARSS, or on a membrane protein in general. Although organic solvents are
generally known to induce helical character in peptides, the effect that various micelle
types has on polypeptide structure is largely unknown. In this chapter I attempt to address
these concerns by comparing the structure of AR55 solubilized in DPC micelles that I
described in chapter 4 with the structures of ARSS5 solubilized by SDS, LPPG and a 1:1

mixture of water:1,1,1,3,3,3-hexafluoroisopropanol (HFIP).

5.1.1. The Choice Of Membrane Mimetic Can Affect Protein

Structure

Despite the ability of a membrane mimetic to approximate a membrane environment,
there are definite instances where the conformation of a protein varies with the membrane
mimetic. For instance, a-synuclein forms an extended helix in liposomes and bicelles

(206) while forming two anti-parallel helices in micelles (207, 208, 209, 210). In another
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example, the populations of a peptide having either cis or trans isomerization of its
proline residues are different in SDS and DPC micelles (211). In bilayers, there is a
correlation of hydrophobic mismatch between a TM peptide and the bilayer with the tilt
angle of the TM peptide (142, 212). Finally, self-association of membrane proteins
occurs when helix-helix interactions are more favourable than helix-lipid interactions,
which suggest that tertiary structure and interprotein interactions are very dependent on

the membrane mimetic chosen (reviewed in (142)).

5.1.2. The Use Of Organic Solvents As A Membrane Mimetic

In addition to the detergent and lipid based membrane mimetics, organic solvent based
solvents such as dimethyl sulphoxide, trifluoroethanol/water, HFIP/water and
chloroform/methanol/water are often used as a membrane mimetic. Even though this
environment is not nearly as structurally complex as other membrane mimetics, TM
proteins often adopt a structure similar to the native state or other membrane mimetics
(213, 214, 215, 216, 217). Although these solvents are in theory isotropic, there is
evidence that they actually phase separate in the vicinity of the protein, thus creating the
anisotropic environment required for proper protein folding (218, 219). For NMR studies,
membrane mimetic solvents have the advantage of providing sharp resonance lines of the
peptide due to faster tumbling of a peptide vs. peptide embedded in a micelle.

A well-known disadvantage of membrane mimetic solvents is the induction of helical
character in a polypeptide. The fluorinated solvents in particular are known to be
effective at stabilizing secondary structure (220). The reason for the induction of helical
structure is that water is displaced from the surface of the protein by the organic

molecules (219, 221, 222). This coating of organic molecules both reduces the number of
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water molecules available to form hydrogen bonds and lowers the dielectric of the
environment. Both of these factors favour the formation of intrapeptide hydrogen bonds

and stabilize secondary structure formation.

5.1.3. NMR Relaxation

Although determination of protein structure is clearly valuable, the motions of a protein
are what make biology work. NMR spectroscopy is an ideal method to characterize the
motions of biomolecules on a wide range of time scales. The R;, R, and heteronuclear
NOE relaxation measurements of nuclei provide an ideal method to gain information of
ps-ns dynamics of chemical bonds and information about us-ms chemical exchange. The
utility of NMR relaxation measurements to biomolecular NMR has been reviewed
extensively (223, 224, 225, 226).

Understanding NMR relaxation is a matter of understanding a system's return to
thermal equilibrium (79). In a relaxed thermal equilibrium state, two conditions are met:
1) The populations of the two nuclear spin states are given by their Boltzmann distribution
and i1) there is no coherence between the nuclear spins. During an NMR experiment, both
of these two conditions are broken and the system moves to re-establish them. The spin-
lattice relaxation is the re-establishment of condition (i) and is characterized by a rate
constant R;. Spin-spin relaxation refers to the system's loss of coherence over time and is
characterized by a rate constant R,. The heteronuclear NOE is the enhancement of
magnetization in a spin by radio frequency irradiation of a covalently linked spin. The R;,
R, and heteronuclear NOE relaxation rates are affected by several factors, including

molecular motion (82). It follows then that measurement and comparison of R;, R, and
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the heteronuclear NOE provide sensitive information of the types of motions that NMR
active nuclei experience.

Although relaxation measurements can be made for any NMR active nucleus, in
protein NMR the '°N nucleus is commonly used due the low spectral overlap in its
associated spectra (e.g. "N HSQC) and the simplicity in the theoretical treatment
compared to "*C. The dipole-dipole interactions with the amide proton and the chemical
shift anisotropy of the amide bond are well characterized, allowing effective analysis of
the heteronuclear NOE. By analyzing °N relaxation parameters in proteins, at least one
probe of molecular motion is available for each non-proline amino acid, providing a high-
resolution picture of protein dynamics.

As alluded to above, the experimental values of R;, R, and the heteronuclear NOE for a

>N nucleus can be correlated to the underlying motions of the protein (227, 228):
R = (c12/4IJ(wH —wy )+3J(w, )+6J(w, +w, )+ (0, ) 5.1

R, = (d2/814J(0)+ J(w, -0, )+3J(, )+6J(w, )+6J(w, +w,)]
+ (/6 BJ(w, )+ 40)]+ R,

NOE=1+ (d2/4IVH/VN I6J(wH t Wy )_ J(wH — Wy )II/RI) 5.3

52

where d=‘u0hyNyH/(8Jr2)<l/r]3H>, c= QUN/\/EIGH -0, ), on and wy are the Larmor

frequencies of the °N and 'H nuclei, yy and yy are the gyromagnetic ratios "N and 'H, uo
is the permeability of free space, /4 is Plank's constant ryy is the length of the amide bond

vector and 0, and o, are the parallel and perpendicular components of the (assumed to

be axially symmetric) chemical shift tensor. Typically a value of -160 ppm is used for

(o” -0, ) (229). J(w) is the spectral density function, and is a Lorentzian function that

describes how much motion occurs at a specific frequency. For R, measurements,
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conformational sampling on a us-ms time scale can cause an apparent increase in Ry, this
has been modelled as a rate Rex (228). As mentioned earlier, the values of Rj, R, and the
NOE can easily be experimentally determined and thus J(w) can be fit to the observed

relaxation parameters.
5.1.4. Model-Free Analysis Of Relaxation Data

The model-free formalism was introduced by Lipari and Szabo (230, 231) and was
further extended by Clore and coworkers (232). In the extended model-free formalism

(232), J(w) is expressed as:

of s, (-s2), (2-s2)

5 1+ (wr, ) +1+(wr})Z ' 1+(WT.;)

54

J(a))=

where r} =7,7,/ (r L *T, ),r; =17,/ (rs +7T, ), Tm is the overall rotational correlation

time of the molecule and can be calculated directly from the R; and R, relaxation rates
(233, 234). tr and T, are the effective correlation times for internal motions on a fast (7 /<

100-200 ps) and slow (7,< 7,< 7T,) time scales respectively. $? is the square of the

generalized order parameter while S ; and S’ are the squares of the order parameters for

motion on the fast and slow time scales, respectively. Note that §* = S S; . The overall

effect of the model-free approach is that amide bond motion can be expressed as a
generalized order parameter and correlation times. S* can take a value between 0 (a
completely unrestrained bond vector) and 1 (a static bond vector). The correlation time is
a measurement of how fast this bond vector is changing orientation.

The R;, R, and NOE values are dependent on 6 different parameters (5 in equation 5.4

plus the R term in equation 5.2). However, the number of free parameters can be
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reduced if equation(s) 5.2 and/or 5.4 are simplified according to 5 different molecular

motion models (228). Model 1 assumes that S =1 (slow time scale motions are
negligible) and 7, — 0 (fast bond motions are < 20 ps) and is given by the following

formula:

J(w)=z(L";)z] 5.5

Model 2 is the original formulation of J(w) by Lipari and Szabo (230, 231) and only

assumes that S” = 1. The simplified model-free equation for model 2 is shown below.

2( S°t, (1—52}_}
J(w)=§[l+(mm)z +1+(m/y] 5.6

Models 3 and 4 are derived from models 1 and 2 respectively, with the addition of a non-
zero chemical exchange term, Rex in equation 5.2. In model 5 the only assumption is that

T, — 0 and is fit to the equation below.

;

5.7

2 s E-s)
J(w)_5[1+(w7m)z 1+(CUT;-)]

These 5 models each contain a maximum of 3 bond order parameters and a single internal
time scale parameter. Since a model can only contain either tf or T, either of these

variables can be referred to as the effective internal correlation time, <.
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5.1.5. Reduced Spectral Density Mapping Of Relaxation

Data

In instances of high protein disorder, it is difficult to obtain meaningful values of S in
part because it is difficult to assign a single T, to a disordered protein. In these instances
the reduced spectral density mapping approach to analyzing relaxation data can be used.
In reduced spectral density mapping, the equations for R;, R, and NOE are simplified
(235):

R, =@ /4BJ(wy )+ 7708700, )+ > J(w, ) 5.8
R, = @ /8)4J(0)+3J(w, )+13.(0.870w,, )]

+ (/6 BI(w, )+ 47(0)]

NOE=1+(@*/4)y, /v J57(0.8700, )[/R,) 5.10

59

By measuring the values of R;, R, and the NOE the values of J(0), J(wn) and J(0.87wg)
can be determined. This provides a quantitative measurement of the amplitude of motion

occurring at these three frequencies.

5.2. Materials And Methods

5.2.1. Materials

LPPG was purchased from Avanti Polar lipids (Alabaster, AL). SDS-d,s and HFIP-d,
was purchased from C/D/N isotopes (Pointe-Claire, QC). Unless otherwise detailed,

ARS5S and all other reagents were obtained as detailed in chapter 4.
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5.2.2. CD Spectropolarimetry

Far-ultraviolet CD spectra of ARS55 were recorded at 37 °C using a Jasco J-810
spectropolarimeter (Easton, MD). Aliquots of ARS55 (100 uM) were prepared from a
single stock solution. Each sample contained either 20 mM SDS, 22 mM DPC or 32 mM
LPPG in 20 mM sodium phosphate and 10 mM DTT adjusted to pH 5.00 = 0.05 for the
SDS and LPPG samples. The sample containing DPC was adjusted to pH 4.00 + 0.05 due
to insolubility at pH 5. Additional samples were prepared at pH 7.00 = 0.05. For these
samples the same buffer was used and 10 uM ARS5S was solubilized in 20 mM SDS, 10
mM DPC or 10 mM LPPG.

CD spectra were acquired from 260 nm downwards (1 nm steps), with reliable
ellipticity values observed at > 180 nm (pH 4 and 5) or > 195 nm (pH 7) based on
spectropolarimeter photomultiplier tube voltages, in 0.1 mm (pH 4 or 5) or 1 mm (pH 7)
path-length quartz cuvettes (Hellma, Miillheim, Germany). All measurements were
collected in triplicate. Ellipticity data were processed the same way as in chapter 3 except

that each spectrum was not baseline adjusted by subtracting the average ellipticity value

over 250-260 nm.

5.2.3. NMR Spectroscopy Of AR55

All NMR solutions with micelles contained 20 mM Na'CD;COO", 1 mM DSS, 1 mM
NaN3, 10 mM DTT-ds and were pH adjusted to 5.00 + 0.05 (SDS and LPPG) or 4.00 +
0.05 (DPC) without accounting for deuterium isotope effects. Solutions of AR55 with
SDS (0.8 mM ARSS, 96 mM SDS, 95% H»0, 5% D,0) and AR55 with LPPG (0.56 mM

ARS5S, 72 mM LPPG, 95% H,0, 5% D,0) and a NMR sample containing HFIP (0.9 mM
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ARS5, 1 mM DSS, 5 mM DTT-dg, 10% D0, 50% H,0, 40% HFIP-d,) were prepared.
'H-"N HSQC, 'H-"*C HSQC, HNCO, HNcaCO, HNCA, HNcoCA, HNCACB, "N-
edited TOCSY, HcCH TOCSY, "*N-edited NOESY and "*C-edited NOESY experiments
were collected for the NMR samples at 700 MHz (Bruker Avance III, NRC-IMB) and
800 MHz (Varian INOVA, NANUC). In addition, for the HFIP sample a CNH NOESY
(236) was collected. All NOESY experiments for AR55 in SDS or LPPG were collected
with a 125 ms mixing time, while a 150 ms mixing time was used for AR55 in 50%
HFIP. All NMR data collection occurred at 37 °C and detailed acquisition parameters for

all experiments are listed in Table 5.1.
5.2.4. Structure Calculation Of AR55

For each sample condition, data were processed, analyzed, and structures were
generated as detailed in chapter 4 for ARS55 with DPC micelles. For all experimental
conditions, the 40 member final structural ensembles of AR55 have been deposited in the
PDB (200) using SMSDep (accession #: 2LOT, 2LOV and 2LOW for ARS5S5 solubilized
with SDS, LPPG and 50% HFIP respectively). The chemical shift, spectral peak and
restraint data were deposited into the BMRB ((121), accession #:18224, 18226 and 18227

for ARS5S5 solubilized with SDS, LPPG and 50% HFIP respectively)
5.2.5. PRE Measurements

NMR samples of uniformly '*N-enriched AR55 were prepared as before except with
10% D,0O and 90% H,O and either 77 mM DPC or 125 mM LPPG with 0.5 mM ARSS or
110 mM SDS with 1| mM ARS55. The samples were titrated with Mn>" up to 1 mM with

"H-""N HSQC spectra collected at each point. Data for AR55 solubilized in SDS micelles
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were collected at Agriculture and Agri-Food Canada (AAFC, Charlottetown, PE) on a
600 MHz Bruker Avance III instrument equipped with a 1.7 mm room temperature TXI
probe. Data for ARS5 solubilized in DPC and LPPG micelles were collected on a 700
MHz Bruker Avance III spectrometer equipped with a 1.7 mm TCI cryoprobe at NRC-
IMB. For all datasets PRE was measured as the ratio of peak heights in attenuated (I.)
and reference (I.f) spectra. Error (oprg) was calculated by evaluating the standard

deviation of the PRE as:

Ope =| PRE|((0, /1, )’ + (O-’my‘ /[mf)z)l/z 5.11
Where 0, and o ,, Tepresent the standard deviations of the spectral noise (as

measured using NMRDraw (114)) in the I« and I,.r spectra.
5.2.6. NMR Relaxation Data Collection And Analysis

NMR samples of *C/"°N labelled AR55 (1 mM ARS55, 20 mM Na'CD;COO’, 1 mM
DSS, 5 mM DTT, I mM NaN3, 90% H,0/10% D,0 ) were prepared with either 102 mM
DPC or 150 mM LPPG. In addition, the previously prepared *C/'°N sample of AR55 in
SDS micelles was used. For all samples, 'H-">’N HSQC (237) spectra were collected to
measure the Ry and R, relaxation rates as well as the NOE. For R; measurements,
recovery delays of 50, 100, 250, 600, 1000 and 1500 ms were used. For R, measurements
delays of 10, 30, 50, 70, 90, 130 and 150 ms were used. For AR55 solubilized in DPC
micelles a Ry measurement at 250 ms was not collected. For AR55 solubilized in SDS
micelles the R; time points at 50 and 100 ms were removed due to an experimental

artefact.
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The 'H-"N NOE was measured as the ratio of a saturated spectrum to a reference
spectrum and error was propagated by measuring the spectral noise, as shown in equation
5.11. Mathematica (Wolfram Research Inc., Champaign, IL) notebooks (238) were used
to fit the R; and R, relaxation data, calculate T, (assuming isotropic diffusion) and
calculate the relevant model-free or reduced spectral density mapping parameters. For the
model-free analysis each residue of ARS5 was fit to one of the 5 motional models
(introduced above) using Akaike's information criteria (239). 100 Monte Carlo
simulations were performed for both the model-free and reduced spectral density

mapping approaches to determine the errors of the fitted parameters.

5.3. Results And Discussion

5.3.1. CD Spectropolarimetry Indicates That AR55 Has A

Similar Structure In All Micelle Conditions

At pH 7, the CD spectra of ARS5 solubilized in SDS and LPPG micelles are very
similar with a clearly defined minimum at 208 nm, a negative band (but not a minimum)
at ~222 nm and crossover points at 200 nm and 202 nm for ARS5 solubilized in SDS and
LPPG respectively. The CD spectrum of ARSS solubilized in DPC micelles was quite
different, with only a negative band at 215 nm and crossover point at 202 nm. At pH 7,
ARSS5 solubilized in SDS and LPPG micelles is largely helical, while it may be somewhat
aggregated in DPC micelles.

At lower pH, the CD spectra of ARSS5 in all micelle conditions are very similar with a
minimum at 209 nm, a maximum at 192 nm , a negative band at ~222 nm and a crossover

point at 200 nm, 202 nm and 201 nm for ARS5S5 solubilized in SDS, DPC and LPPG
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micelles respectively (Figure 5.1). The CD spectra of ARS55 solubilized in SDS and
LPPG micelles are nearly identical and corresponds to ARS55 adopting a largely helical
character, as seen at pH 7. Although the spectrum of ARS55 solubilized in DPC micelles
has a similar general shape compared to SDS and LPPG, the intensity of the bands are
reduced, with the minimum at 209 nm not being nearly as pronounced. These spectral
differences could simply be due to unequal ARS55 concentrations between samples or
may suggest that ARS55 adopts a slightly different structure at low pH in DPC micelles.
Overall, the structure of ARS55 solubilized in SDS and LPPG micelles is very similar at

both pH 5 and 7.
5.3.2. NMR Assignment Of AR55

High quality NMR data were collected for each sample of AR55. The 'H-""N HSQC
spectra of ARS5 in SDS, DPC and LPPG micelles are all very similar, suggesting that
ARSS adopts a similar structure in all micelles (Figure 5.2 (A-C)). ARSS5 solubilized in
50% HFIP produced higher quality spectra (Figure 5.2 (D)). In addition to the striking
reduction in peak linewidth, the resonances were also less overlapped than in the micelle
conditions. The same techniques used to assign ARS5S5 resonances in DPC were used to
assign ARSS5 resonances in SDS, LPPG and HFIP. All residues and nearly all resonances

were successfully assigned for ARSS in each membrane mimetic (Table 5.2).

5.3.3. The Topology Of The AR55-Micelle Complex Is

The Same For All Three Micelle Types

. . 2+ . .
Using the assigned NMR resonances, Mn~ was used to attenuate specific resonances in

a N-"H HSQC spectrum (Figure 5.3). Although not all resonances were resolvable due
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to signal overlap, it is clear that the N-terminal tail up to residue L30 as well as residues
T43-V49 of ARS55 are attenuated by Mn®", and hence are exposed to water in SDS, DPC
and LPPG micelles. This indicates that ARS55 is not in a canonical trans-micelle
orientation and instead has two micelle embedded sections with residues T43-V49 being
exposed to water.

Three primary scenarios can be brought forwards to explain this non-canonical
topology (Figure 5.4). First, AR55 may span the same micelle twice, with residues T43-
V49 forming a disruption and tight turn at the surface of the micelle. Another option is
that ARSS5 spans two distinct micelle-like objects, with T43-V49 residing between the
two objects and hence being solvent exposed. Finally, AR55 may span one typical
micelle, but have water associated with residues T43-V49 in the interior of the micelle.
Given the plasticity of micelles, any of these scenarios is possible. From the data
presented here it is difficult to tell which of these scenarios is correct. It should be noted,
though, that the experimental data is not supportive of the first scenario. In that topology,
the two helical segments would likely be in proximity, leading to long-range NOE
contacts between the helical segments that are not observed. Furthermore, the third
scenario is quite unlikely due to the energy penalty of water being present in the interior

of a micelle. Overall, ARS5S5 is most likely spanning two micelle-like objects.
5.3.4. Structure Calculation Of AR55

Through analysis of ’N-edited and '*C-edited NOESY experiments, 1556, 1608, 1654
and 2355 NOE contacts (counted for each nucleus involved in each NOE) were
determined for ARSS solubilized in SDS, DPC, LPPG and 50% HFIP respectively (Table

5.3). The distribution of NOE contacts throughout AR55 was similar for all membrane
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mimetics used, with the majority of NOE contacts occurring in the micelle-spanning
region of ARS55 (Figure 5.5). The patterns of distance restraints determined for ARS5S5
suggest similar structuring over the micelle-spanning region in each membrane mimetic.
In particular, the micelle-spanning regions (L30-G42 and G47-K56) of ARS5S5 have
distance restraints of a-helical nature while the solvent exposed region from T43-N46
has fewer canonical a-helical contacts (aN (i, i+3), aN (i,i+4) and af (i, i+3) Figure 5.6,
(124)). Chemical shift index (CSI) (106) and secondary structure prediction by DANGLE
(201) agree with the lack of helical distance restraints and predict a break in helical
character from T43-N46. Although ARSS solubilized in 50% HFIP still has some helical
distance restraints over this region, there are fewer than in the neighbouring helices.

Using the observed NOE contacts, a final 40 member ensemble was generated for
ARSS5 in SDS, LPPG and HFIP that agreed with experimental distance restraints and has
excellent Ramachandran plot statistics (Table 5.3). Overall, the ensembles of ARSS
solubilized in micelles have a similar number of distance restraints as well as similar
proportions of residues in the core, allowed, generously allowed and disallowed regions
of Ramachandran space (Table 5.3). The structure of ARSS5 solubilized in 50% HFIP
appears to have a higher proportion of residues occupying the most favoured region
(Table 5.3). This may be due to the higher number of distance restraints available to
converge the structure of AR55 in 50% HFIP.

Several regions of converged structure were present in each of the ensembles generated
for ARSS. Areas of a particular ARS5 structure were selected for superposition based on
the regions of the structure that have a continuous and high ¢ and ¢ dihedral angle order

parameter (SDS; Figure 5.7, DPC; Figure 5.8, LPPG; Figure 5.9, HFIP; Figure 5.10).
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Regions of the ARSS5 structures selected for superposition with their respective RMSD

are listed in Table 5.4 and the AR55 ensembles are shown in Figure 5.11.

5.3.5. The Micelle-Spanning Region Of AR55 Has A Similar

Structure In Different Membrane Mimetics

Analysis of the dihedral variability of the ARSS structures (Figure 5.7-5.10) indicates
that the micelle-spanning region of AR55 is the most converged portion of the protein in
all membrane mimetics. At some point near N46 there is a reduction in dihedral angle
convergence, with this reduction being the most pronounced in the SDS and DPC
environments.

Ensembles of ARS5 in each membrane mimetic studied are shown in Figures 5.11 and
5.12. In all four ensembles, it is clear that both of the micelle-spanning regions from L30-
L41 and L50-G58 are helices that superpose quite well compared to the rest of the
peptide. A change in helical direction, or kink, is present in all of the structures of AR55
(T43-N46 in SDS, N46-G47 in DPC, G45-N46 in LPPG and L41-G42 in 50% HFIP).
The average kink angle of all ensemble members (63° + 28° in SDS, 69° &+ 20° in DPC,
66° + 17° in LPPG and 27° £+ 10° in 50% HFIP, measured using MC-HELAN (4))
indicates the angle of the kink is much better defined for ARS5S5 solubilized in HFIP than
it is in any of the micelles. The ensembles of AR55 solubilized in LPPG micelles or 50%
HFIP both show high dihedral angle convergence over residues involved in the kink and
accordingly these structures were also superposed over the entire micelle-spanning region

(Figure 5.12).
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5.3.6. The Structure Of The N-Terminal Tail Of AR55 Is

Influenced By The Membrane Mimetic

There are both similarities and differences in the structure of the N-terminal tail of
ARSS in the different membrane mimetics. In the micelles, the N-terminal tail is largely
unstructured with the exception of a helical region from residues E20-K25 in SDS and
DPC micelles and T22-K25 in LPPG micelles. AR55 in SDS and DPC micelles have an
additional converged structure from A13-E18 and D14-C19, respectively. Although the
N-terminal tail of ARSS is structurally similar in all of the detergent types tested, it is
significantly different in 50% HFIP where a helix is induced from A13-S27 (Figure
5.11). This is hardly surprising considering that fluorinated solvents are well known to
induce helical character in peptides (220, 240). An interesting point is that even though
HFIP is able to cause helical character throughout the N-terminus of ARSS, the kink in

the micelle-spanning region of ARS55 is maintained.

5.3.7. The Dynamics Of AR55 Are Influenced By The

Membrane Mimetic Choice

From the 'H-">’N HSQC spectra, 41, 49 or 53 well resolved resonances were selected
for relaxation analysis of ARSS5 solubilized in SDS, DPC and LPPG micelles
respectively. Using Mathematica notebooks the R;, R, and NOE were successfully fit to
the data, although the NOE measurement in SDS micelles has more noise due to lower
signal in the associated spectra (Figure 5.13). For each micelle condition, ARS55 appears
to be composed of two regions that behave quite differently. Specifically the N-terminal

tail and C-terminus have a larger R;, smaller R, and smaller NOE than the micelle
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spanning region of ARS5. This almost certainly is due to the increased flexibility of the
N-terminal tail compared to the micelle spanning region.

Overall, the R;, R, and NOE measurements of ARS5 are similar when solubilized in
either SDS or DPC micelles. The only significant difference is that R, is slightly lower
throughout ARS55 in DPC micelles. When solubilized in LPPG, the relaxation properties
of ARS55 change considerably. Specifically the N-terminal tail of ARS55 has lower values
of R, and the NOE in LPPG micelles. Also, in the micelle spanning region of ARSS5, R is
decreased and R; is increased for the LPPG data (Figure 5.13). The T, values calculated
by the Mathematica notebooks using Ri/R; ratios of AR55 solubilized in SDS, DPC and
LPPG are 9.96, 12.26 and 16.97 ns, respectively. These values are in agreement with
literature values for similar peptides (223). The much higher t,, of ARS5 solubilized in
LPPG can be attributed to the larger radius of an LPPG micelle (~20 A x ~30 A, (241))
compared to either SDS (~17 A (242)) or DPC micelles (~20 A (243)).

For each analyzed residue of AR5S, values of J(0), J(wn) and J(0.87wy) were fit for the
three micelle conditions (Figure 5.14). In general J(0) > J(wn) > J(0.87wy) which
corresponds to theory (235). In the N-terminal tail of AR55, J(0) is largest when ARS5S is
solubilized in DPC and smallest when solubilized in LPPG micelles. J(wy) is very similar
throughout ARSS5 for all of the micelle conditions except that over the micelle spanning
region of LPPG micelles J(wy) is reduced. Finally J(0.87wy) is similar in the micelle
spanning region of ARSS5 for all membrane mimetics, but is increased in the N-terminal
tail for ARS55 in LPPG micelles.

Model-free analyses were completed for the R;, R, and NOE data and detailed

dynamical parameters are found in Table 5.5. As an overall trend, S* is much larger in the
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micelle spanning region of ARSS5 than the N-terminal tail, emphasizing the high degree of
flexibility in the N-terminal tail. S* is similar in the micelle spanning region in SDS, DPC
and LPPG micelles (Figure 5.15). However, the value of S is much lower in the N-
terminal tail of AR55 when solubilized in LPPG micelles compared to either SDS or
DPC micelles.

Overall, model-free analysis and spectral density mapping provide an overview of
ARSS5 dynamics in SDS, DPC and LPPG micelles. The N-terminal tail is seen to be much
more flexible than the micelle spanning region of AR55 as indicated by the low S* in this
region as well as the increase of high frequency motions (J(0.87wy)) and decrease of J(0).
This is hardly surprising but does confirm the structural results shown above.
Interestingly, neither model-free analysis nor reduced spectral density mapping suggest
that the kink in the micelle spanning region is undergoing motion different from the
helices surrounding it. Although S* is the same in the micelle spanning region of all 3
micelle types, J(0) and J(wy) are comparatively less for ARS5 in LPPG. This suggests
that in all micelles the micelle spanning region is well structured, but that in LPPG
micelles the motions that do occur are of lower frequency. This may be an effect of the
LPPG micelle being larger than both SDS and DPC micelles. An unexpected trend is the
increased motion on fast time scales of the N-terminal tail of AR55 when solubilized in
LPPG micelles. In this case although the ARS55 is tumbling slower in solution, the N-
terminal tail experiences faster motions than if it were solubilized in a smaller micelle.
This is reflected in the structures of ARS5S5 (Figure 5.11) where the N-terminal tail is the

least structured in LPPG micelles.
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5.4. Summary

The structure of ARSS5 is surprisingly consistent in SDS, DPC and LPPG micelles as
well as 50% HFIP. In all of the micelle conditions, the micelle-spanning region of ARSS5
consists of a helix-kink-helix motif with the kink and N-terminal tail of AR55 being
exposed to water. This kink persists even in the helix inducing solvent HFIP. The N-
terminal tail of ARSS is also quite similar in the different micelles with structural
convergence from E20-K25 for SDS and DPC and T22-K25 in LPPG. However, AR55 in
SDS and DPC shows additional N-terminal structural elements that were not observed
when solubilized in LPPG. In contrast the N-terminal tail of ARS5 in 50% HFIP is
largely helical. Dynamics data demonstrates that the N-terminal tail of ARSS is less
ordered and experiences larger amplitude motion on a ps-ns time scale than the micelle
spanning region. Also, the N-terminal tail experiences the highest amplitude ps time scale
motion when solubilized in LPPG micelles. This trend cannot be predicted based on the
characteristics of the micelle systems and demonstrates how a peptide in a membrane

mimetic may not behave as expected.
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Table 5.1: Detailed experimental parameters used for data acquisition of ARS55 solubilized in SDS, DPC and LPPG micelles as well as

50% HFIP.
Experiment Recovery # of # of complex points Sweep width (Hz) Center position "H Facility
delay (s) scans (ppm) frequency
(MHz)

ARSS in SDS

'H-"CHSQC 15 8 'H:1024 *C:256 'H:8418 *C:14085 'H:4.66 °C:37.6 700 NRC-IMB

'H-"'NHSQC 1.5 4 'H:1024 "°N:64 'H:11261 °N:1490  'H:4.66 °N:115 700 NRC-IMB

HNCO 1.5 8 'H:2048 C:32 'H:9804 *C:1761 'H:4.66 *C:176 700 NRC-IMB
5N:32 5N:1490 N:115

HNcaCO 1.5 8 'H:2048 C:32 'H:9804 "*C:1761 'H:4.66 *C:176 700 NRC-IMB
5N:32 5N:1490 N:115

HNCA 1.5 8 'H: 1024 C:32 "H:9804 *C:2993 'H:4.66 °C:59.6 700 NRC-IMB
5N:32 5N:1490 N:115

HNcoCA 1.5 8 'H: 2048 *C:32 "H:11261 *C:2993 'H:4.66 °C:59.6 700 NRC-IMB
5N:32 5N:1490 N:115

HNCACB 1.5 8 'H:2048 C:64 "H:9804 *C:9950 'H:4.66 °C:43.4 700 NRC-IMB
5N:32 5N:1490 N:115

HNcoCACB 1.5 8 'H:2048 C:64 'H:9804 *C:9950 'H:4.66 °C:43.4 700 NRC-IMB
5N:32 5N:1490 N:115

HcCH TOCSY 1.5 8 'H:2048 "H:96 'H:9804 'H:6020 'H:4.66 'H: 4.66 700 NRC-IMB
BC.64 Bc:10121 13C:44 .4

TOCSY-"N 1.5 8 'H:2048 'H:96 'H:9804 'H:6020 'H:4.66 'H: 4.66 700 NRC-IMB

HSQC 5N:32 5N:1490 N:115

NOESY-"C 1.5 8 'H:1024 'H:96 'H:9804 'H:6020 'H:4.66 'H: 4.66 700 NRC-IMB

HSQC B4 BC:11099 BCi42.1

NOESY-"N 1.5 8 "H:2048 'H:96 'H:9804 'H:6020 'H:4.66 'H: 4.66 700 NRC-IMB

HSQC N:32 "N:1490 N:115

Mn?" titration 1 196  'H:2048 °N:64 'H:9615 °N:1277 'H:4.66 °N:115 600 AAFC

("’N HSQCs)
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Experiment Recovery # of # of complex points Sweep width (Hz) Center position H Facility
delay (s)  scans (ppm) frequency
(MHz)

ARS55 in SDS

T1 and T2 2 16 'H:2048 °N:256 'H:11990 °N:1621 'H:4.66 °N:115 800 NANUC

relaxation

("N HSQCs)

NOE 5 32 'H:2048 °N:128 "H:11990 "°N:1621 'H:4.66 °N:115 800 NANUC

(">’N HSQCs)

ARS5S5 in DPC

Mn*" titration 1.5 64 "H:2048 °N:32 "H:11261 °N:1845  'H:4.66 °N:115 700 NRC-IMB

("’N HSQCs)

T1 and T2 2 16 'H:2048 '°N:256 'H:11990 °N:1800  'H:4.66 °N:118 800 NANUC

relaxation

("’N HSQCs)

NOE 5 32 "H:2048 °N:256 'H:11990 °N:2500  'H:4.66 "N:118 800 NANUC

("’N HSQCs)

ARS5S in LPPG

'H-"CHSQC 15 4 'H:1024 *C:128 'H:8418 °C:14085  'H:4.66 °C:37.6 700 NRC-IMB

'H-"'NHSQC 1.5 4 'H:1024 °N:64 'H:11261 °N:1490  'H:4.66 °N:115.5 700 NRC-IMB

HNCO 1 8 'H:1024 C:32 'H:9804 *C:1761 'H:4.66 *C:176 700 NRC-IMB
5N:32 5N:1490 N:115

HNcaCO 1 8 'H:1024 C:32 'H:9804 *C:1232 'H:4.66 *C:175 700 NRC-IMB
5N:32 5N:1490 5N:115.5

HNCA 1 16 'H: 1024 BC:32 'H:11261 ®C:3170  'H:4.66 °C:50.6 700 NRC-IMB
5N:32 5N:1490 N:115

HNcoCA 1 16 'H: 1024 BC:32 'H:11261 ®C:3170  'H:4.66 °C:50.6 700 NRC-IMB
5N:32 5N:1490 N:115
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Experiment Recovery # of # of complex points Sweep width (Hz) Center position 'H Facility
delay (s) scans (ppm) frequency
(MHz)

ARS5S in LPPG

HNCACB 1 8 'H:1024 C:64 'H:9804 *C:8977 'H:4.66 °C:41.1 700 NRC-IMB
5N:32 5N:1490 N:115

HNcoCACB 1 8 'H:1024 C:64 'H:9804 *C:8977 'H:4.66 °C:41.1 700 NRC-IMB
5N:32 5N:1490 N:115

HcCH TOCSY | 8 'H:1024 'H:144 'H:9804 'H:5602 'H:4.66 'H: 4.66 700 NRC-IMB
B3C.64 5312330 B3C.42.6

TOCSY-"N 0.95 16 'H:1024 "H:222 "H:6983 'H:5998 'H:4.66 'H: 4.66 500 NANUC

HSQC *N:60 ’N:1520 N:118

NOESY-"C 1 8 'H:1024 'H:128 'H:9804 'H:5952 'H:4.66 'H: 4.66 700 NRC-IMB

HSQC B3C.96 Bci21142 13C:50.6

NOESY-"N 0.95 16 'H:1024 'H:224 'H:6983 'H:5998 'H:4.66 'H: 4.66 500 NANUC

HSQC *N:60 ’N:1520 N:118

1\1/15n2+ titration 1.5 64 'H:2048 °N:32 "H:11261 °N:1845  'H:4.66 °N:115 700 NRC-IMB

(>N HSQCs)

T1 and T2 2 16 'H:2048 °N:256 "H:11990 °N:1800  'H:4.66 °N:118 800 NANUC

r?slaxation

(>N HSQCs)

1\115013 5 32 'H:2048 °N:256 'H:11990 °N:2500  'H:4.66 "N:118 800 NANUC

(">’N HSQCs)

ARS5S in HFIP

'H-B"CHSQC 1 8 'H:2048 °C:128 'H: 11261 ®C:13558  'H:4.66 °C:36.1 700 NRC-IMB

'H-P'NHSQC 1 8 'H:2048 °N:64 'H:11261 °N:1455  'H:4.66 °N:1152 700 NRC-IMB

HNCO 1 8 'H:2048 C:32 'H:9804 *C:2133 'H:4.66 °C:175.6 700 NRC-IMB
15N:40 5N:1455 N:115.2

HNcaCO 1 8 'H:2048 C:32 'H:9804 *C:2133 'H:4.66 °C:175.6 700 NRC-IMB
15N:40 5N:1455 N:115.2
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Experiment Recovery # of # of complex points Sweep width (Hz) Center position H Facility
delay (s)  scans (ppm) frequency
(MHz)

ARS5S5 in HFIP

HNCA 1 8 'H: 2048 1*C:64 'H:9804 *C:4930 'H:4.66 °C:55.6 700 NRC-IMB
1°N:32 >N:1455 N:115.2

HNcoCA 1 8 'H: 2048 1*C:64 'H:9804 *C:4930 'H:4.66 °C:55.6 700 NRC-IMB
°N:32 >N:1455 PN:115.2

HNCACB 1 8 'H:1024 *C:64 'H:9804 *C:10213 'H:4.66 °C:43.6 700 NRC-IMB
1°N:32 >N:1455 N:115.2

HNcoCACB 1 8 'H:1024 *C:64 'H:9804 *C:10213 'H:4.66 °C:43.6 700 NRC-IMB
1°N:32 >N:1455 N:115.2

HcCH_TOCSY 1 8 'H:2048 'H:128 'H:9804 'H:5881 'H:4.66 'H: 4.66 700 NRC-IMB
13C.64 835810 13C:56.6

TOCSY-"N 1 8 'H:2048 'H:128 'H:9804 'H:7422 'H:4.66 'H: 4.66 700 NRC-IMB

HSQC °N:32 >N:1455 N:115.2

NOESY-"*C 1 8 'H:2048 'H:128 'H:9804 'H:7422 'H:4.66 'H: 4.66 700 NRC-IMB

HSQC .64 BC:5810 13C:56.6

NOESY-"°N 1 8 'H:2048 'H:128 'H:9804 'H:7422 'H:4.66 'H: 4.66 700 NRC-IMB

HSQC °N:32 >N:1455 PN:115.2

CNH-NOESY 1 8 'H:2048 *C:128 'H:9804 *C:10213 'H:4.66 °C:43.6 700 NRC-IMB
1°N:32 >N:1455 PN:115.2
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Table 5.2: The number of possible assignments and the numbers of assigned resonances
for different isotopes and resonance types of AR55 in various membrane mimetics. Data
for this table was generated using CCPNMR Analysis (95).

Total ARS5 SDS  ARS5 DPC ARS5 LPPG ARSS_HFIP
Category possible assignments assignments assignments assignments
# Y% # Y% # Y% # %
Carbon 315 262 83 270 86 258 82 258 82
Proton 363 348 96 358 99 350 96 350 96
Nitrogen 88 70 80 70 80 70 80 70 80
Amide 126 124 98 124 98 124 98 124 98
Backbone 254 252 99 249 98 246 97 246 97
Backbone
non-H 192 190 99 187 97 184 96 184 96
Side chain
H 301 286 95 296 98 288 96 288 96
Side chain
non-H 211 142 67 153 73 144 68 144 68
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Table 5.3: Summary of the restraints employed for the final ensemble of 40 retained
structures from 100 calculated structures. XPLOR-NIH energies, violation occurrences
and structural statistics for AR55 solubilized in SDS, DPC, LPPG and 50% HFIP are

shown.

SDS DPC LPPG 50% HFIP
Rounds of structure calculation 9 11 18 15
Unique NOE restraints
Total 1556 1608 1654 2355
Intraresidue 740 788 756 776
Sequential 444 424 470 594
Medium range (|i-j| < 4) 320 322 330 728
Long range (|i-j| > 4) 2 0 0 6
Ambiguous 50 74 98 251
Residue Ramachandran plot
statistics
Core 43.0% 39.2% 30.6% 63.0%
Allowed 45.5% 47.3% 55.6% 31.4%
Generously allowed 10.1% 9.3% 12.1% 4.2%
Disallowed 1.4% 4.2% 1.7% 1.5%
XPLOR-NIH energies
(kcal/mol)*
Total 43514 398=17 423=x25 446=29
NOE 1.3+06 1.1+0.6 1.5+0.9 20+1.2
Violations
NOE violations > 0.5 A 0 0 0 0
NOE violations of 0.3-0.5 A 0 1 0 0
NOE violations > 0.2-0.3 A 1 0 1 5

* Ranges are given by average deviations for XPLOR-NIH energies.
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Table 5.4: RMSD values of the various superpositions of AR5S illustrated in Figures 5.11
and 5.12.

Superposed Residues RMSD (A)

ARS5S5 in SDS micelles 13-18 1.16
20-25 0.61
31-43 0.71
46-58 0.80
ARSS in DPC micelles 14-19 0.70
20-25 0.66
29-46 1.33
47-57 0.99
ARSS in LPPG micelles 22-25 0.30
27-45 1.16
46-58 1.20
27-58 2.98
ARS55 in 50% HFIP 13-27 0.71
30-41 0.33
42-59 0.56
30-59 1.10
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Table 5.5: The backbone dynamics parameters for ARSS5 solubilized in SDS, DPC and

LPPG micelles.

Residue ~ Model  §? S/ T, (pS) Rex

ARS5S5 in SDS micelles

2 5 0.24+0.02 0.81+0.03 0.78 £0.06

3 5 0.29+0.01 0.76+0.02 0.66 +0.04

4 5 0.24+0.01 0.77+0.02 0.69 +0.02

5 5 0.24+0.01 0.80+0.01 0.73 +£0.02

7 5 0.31+£0.05 0.83+0.04 0.72 +£0.04

9 5 0.50+0.02 0.82+0.02 0.99+0.11

10 5 045+0.02 0.85+0.03 0.86 +0.08

12 5 0.27+0.01 0.83+0.01 0.85+0.02

13 5 0.37+0.02 0.81+0.02 0.87+0.07

14 5 0.37+0.02 0.74+0.02 0.85+0.05

17 5 0.30+0.02 0.84+0.02 0.82+0.04

18 5 0.33+0.04 0.73+£0.05 0.91 £0.94

20 2 0.49 £0.02 270.53 + 64.89

23 5 0.60+0.05 0.83+0.04 0.95+1.32

24 5 0.65+0.07 0.83+0.05 1.05+3.93

25 5 0.74+0.06 0.90=+0.05 0.43 +1.36

26 5 0.66+£0.02 0.89+0.02 0.94+0.22

27 5 0.71£0.02 0.92+0.02 0.68+0.10

28 5 0.58+0.02 091+0.02 0.77 £0.07

29 5 0.76 £0.02 0.94+0.02 0.65 +0.09

30 3 0.96 +£0.09 1.53+1.50
33 3 0.80 +£0.06 9.44 +1.32
34 4 0.85+0.11 56.35+2107.82 2.78 £1.82
37 2 0.89 +0.03 74.08 +42.95

40 4 0.83+0.17 61.74 £ 1702.94 6.43 +5.29
41 4 0.85+0.15 59.11 £1101.12 2.53+£2.13
42 4 0.86 +0.13 67.12 +907.30 4.01 £2.34
43 4 0.86 +£0.14 113.24 +1379.79 5.68 +£2.44
45 4 0.86 +0.23 383.19 + 86.52 0.49 +3.60
46 2 0.88 +£0.00 562.35+151.60

47 4 0.87 £0.04 255.48 +977.79 2.08 +£0.75
49 5 0.71+£0.03 0.95+0.02 0.69+0.10

51 2 0.89 £0.02 534.98 + 183.69

52 4 0.90 +0.09 211.12+1307.69 474 +1.86
56 3 0.98 £0.02 1.09 £0.33
57 2 0.92 +0.03 323.35 +3246.60

58 2 0.82 +0.02 678.44 +75.02

59 5 0.73+0.01 0.98=+0.01 0.72+0.03
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Residue Model S? S/ T, (PS) Rex

ARSS in SDS micelles

60 5 0.64+£0.01 093+0.01 0.91 +£0.04

63 5 0.39+0.01 0091+0.01 0.98 £0.02

64 5 042+0.02 0.84+0.02 0.95+0.03

ARSS in DPC micelles

2 2 0.15+0.01 593.00 + 3.54

3 5 023+£0.12 0.85+0.25 0.58 £ 0.07

4 5 0.22+0.05 0.78+0.04 0.74 £0.03

5 5 0.26£0.00 0.80+0.00 0.81 +£0.01

6 5 0.33+£0.03 0.86+0.03 0.80 £0.02

9 5 048+0.01 0.87+0.01 0.98 +£0.03

10 5 0.50+0.02 0.88+0.02 1.14 +0.06

11 5 0.61+£0.02 095+£0.02 1.02+0.08

12 5 046+0.01 090=+0.02 1.01 £0.05

13 5 0.39+0.01 0.81+0.01 1.03 £0.03

14 5 0.38+0.01 0.84+0.01 0.89 +£0.02

17 5 0.39+0.01 0.83+0.01 0.96 +£0.02

18 5 043+0.01 0.89+0.01 0.89 +£0.02

20 5 0.53+£0.01 0.89+0.01 0.99 + 0.04

21 5 0.70+£0.02 097 +£0.02 0.98 +£0.06

22 4 0.73+£0.10 862.25 + 63.10 1.37 +£3.01
23 5 0.71£0.01 0.96 £0.01 0.95 +0.05

24 2 0.79 £0.02 802.05+1146.18

25 4 0.82+0.17 896.51 +122.22 1.85+2.97
26 5 0.76 £0.01 097 +£0.01 0.82+0.06

27 2 0.78 £0.01 808.26 + 45.85

28 2 0.77 +£0.09 828.14 +5014.29

29 2 0.86 £0.01 734.53 + 85.39

30 4 091 £0.04 110.65 + 1698.80 3.06 +1.05
31 2 0.93 +£0.01 62.58 + 16.67

33 3 0.97 £0.04 13.78 £ 4.17

34 1 0.99 +£0.01

36 2 0.96 £0.02 85.88+1711.27

38 4 0.94 +0.04 86.63 +3812.16 2.52+1.02
42 2 0.94 £0.02 83.17 £ 54.31

43 4 0.92 +£0.03 792.94 +2281.57 934 +1.27
45 2 0.86 +0.03 781.33 +2318.65

46 4 0.86 £0.01 729.46 + 61.43 1.29+0.34
47 2 0.92 £0.02 609.85 +2976.07

48 2 0.91 £0.02 498.03 +£4227.57
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Residue Model S? S/ T, (PS) Rex

ARSS in DPC micelles

49 4 0.90 +£0.02 703.27 +117.48 3.24+0.55
50 4 091+0.13 680.11 + 628.64 3.88+3.89
51 4 0.94 +0.02 400.27 + 746.02 1.01 £0.51
52 2 0.92 £0.02 842.02 +191.87

53 4 0.91 +£0.09 769.13 + 578.94 323+2.04
54 4 0.90+0.01 617.99 +79.46 2.90+0.33
55 5 0.82+0.02 0.96=+0.02 0.81 +£0.08

57 5 0.75+0.01 098+0.01 0.91 £0.04

58 5 048+0.01 0.92+0.01 0.96 +0.02

59 5 037+0.01 0.87+0.02 1.12+£0.03

60 5 0.36+0.01 0.83+0.02 1.02 £ 0.04

61 5 0.34+0.02 0.84+0.02 0.92 £0.03

62 5 0.28+0.04 0.85+0.03 0.86 +£0.02

64 5 0.15+0.11 0.84+0.40 0.56 +£0.05

ARSS in LPPG micelles

2 2 0.09 £0.01 442.60 £ 3.74

3 2 0.06 +£0.00 439.96 + 1.05

4 5 0.04+0.14 0.64+£0.32 0.61 +£0.14

5 2 0.11 £0.00 601.88 +1.09

6 2 0.07 £0.00 734.40 £ 1.53

7 2 0.07 £0.00 566.69 +1.22

8 2 0.15+0.00 726.99 + 1.89

10 5 0.12+0.13 0.76 £0.23 0.83 £0.09

11 2 0.12 £0.01 799.81 +3.59

12 2 0.11 £0.01 716.17 £2.08

13 5 0.00£0.00 0.68+0.05 0.89 +£0.03

14 2 0.11 £0.01 638.19+1.50

15 2 0.13+0.00 789.18 £2.16

16 2 0.16 £0.00 638.37+1.54

17 5 0.10£0.02 0.74+£0.03 0.72 +£0.01

18 2 0.13+£0.00 657.41 £1.93

19 5 0.19+0.02 0.80+0.01 0.74 £ 0.01

20 2 0.21 £0.00 806.92 +4.11

21 5 0.30+0.00 0.81+0.01 0.83 +£0.01

23 5 0.38+0.00 0.83+0.01 0.94 +£0.01

24 5 0.53+£0.01 0.84+0.01 0.95+0.03

25 5 0.67+0.01 098 +0.01 0.91 £0.04

26 5 0.51+£0.00 0.89+£0.00 0.88 +£0.01

27 5 0.63+£0.01 091+0.01 0.93 +£0.02
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Residue Model S? S/ T, (PS) Rex

ARS5S in LPPG micelles

28 5 0.60+0.01 0.91+0.01 0.91 £0.02

29 5 0.69+0.01 0.91+0.02 0.96 +0.04

30 4 0.88 +0.01 648.44 +42.51 2.37+0.74
33 4 0.97 £0.02 143.76 £ 4542.14 2.88 +£0.58
34 5 0.85+£0.03 0.93+0.03 0.69+0.11

38 2 0.82 £0.01 715.14 £31.00

40 2 0.95+0.01 482.66 + 5186.52

41 4 0.96 £0.01 387.27 £ 4816.82 043 +1.67
42 4 0.94 +0.01 457.35 £ 1258.73 3.03+£1.16
43 4 0.86 £0.01 793.12 £ 55.51 4.09 +£0.76
45 4 0.82 +0.01 831.58 +42.85 3.70+0.79
46 4 0.84 £0.01 768.65 +34.99 1.83 +£0.75
47 4 0.84 +0.01 754.69 +£71.65 993 +£1.83
48 4 0.88 £0.01 605.75 +£37.19 4.82+244
49 5 0.55+£0.09 0.70+0.09 1.05+£0.16

50 4 0.93 £0.01 632.87 £ 1876.63 5.10+0.77
52 4 0.92 +0.01 730.34 +£ 123.75 6.07 £0.90
53 5 0.65+0.19 0.81+0.14 0.96 +£0.15

54 5 0.12+0.11 0.73+0.04 16.97 + 3.61

55 2 0.92 +£0.02 834.85+1617.61

56 4 0.90 +0.01 666.19 £ 2424 .83 6.57£2.95
57 4 0.85+0.02 690.98 + 54.48 5.12+1.30
58 5 0.60+0.01 0.91+0.01 0.95+0.02

59 5 047+0.01 0.87+0.01 1.04 +£0.02

60 5 042+0.01 0.89+0.02 1.07 £0.02

61 5 0.37+0.02 0.92+0.03 1.12+0.02

62 5 0.32+0.02 0.93+0.03 1.17 £0.02

63 2 0.26 £0.01 920.94 +£9.04

64 2 0.17 £ 0.01 761.71 £2.45
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Figure 5.1: CD spectra of AR55 solubilized in SDS, DPC, and LPPG micelles obtained at
37 °C at (A) pH 7 or (B) pH 4-5.
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Figure 5.2: 'H-">N HSQC spectra of AR55 solubilized in (A) SDS micelles, (B) DPC
micelles, (C) LPPG micelles and (D) 50% HFIP. All spectra were acquired at 700 MHz

with 128 indirect points at NRC-IMB.
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Figure 5.3: The percentage signal intensity remaining for selected signals after addition
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Figure 5.4: ARS55 may have 3 different topologies in micelles. In this schematic water
protected and water exposed regions of ARS5 are shown in black and blue respectively.
The approximate outline of a micelle is denoted by a dashed black line and water
molecules are shown as small blue circles. In (A) ARSS is in one micelle with a hairpin
turn. In (B) ARS55 is shown spanning two different micelle like objects and in (C) ARSS
is shown spanning one micelle with associated water in the solvent exposed region.
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Figure 5.5: A breakdown of per-residue NOE contacts used to calculate the final
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50% HFIP. Note that these plots do not include the ambiguous NOE contacts listed in
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Figure 5.6: Through-space contacts observed for ARSS5 solubilized in (A) SDS micelles,
(B) DPC micelles, (C) LPPG micelles and (D) 50% HFIP. Values of CSI (106) as well as
secondary structure predictions using the DANGLE algorithm (201) are shown. This
figure was generated using CCPNMR Analysis (95).
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Figure 5.7: An overview of the convergence of ¢ (A) and ¢ (B) dihedral angles of the 40
members of the ARSS structural ensemble in SDS micelles. Both the deviation (bars) and
order parameter (line) are indicated.
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Figure 5.10: An overview of the convergence of ¢ (A) and ¢ (B) dihedral angles of the 40
members of the ARSS structural ensemble in 50% HFIP micelles. Both the deviation
(bars) and order parameter (line) are indicated.
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Figure 5.11: An overview of the structures of AR55 in (A) SDS, (B) DPC and (C) LPPG
micelles as well as in (D) 50% HFIP. All backbone atoms for one representative structure
are shown and for regions that superpose well, all ensemble members are shown. In (A)
residues 13-18 are black, 20-25 are blue, 31-43 are red and 46-58 are green. In (B)
residues 14-19 are black, 20-25 are blue, 29-46 are red and 47-57 are green. In (C)
residues 22-25 are blue, 27-45 are red and 46-58 are green. In (D) residues 13-27 are
black, 30-41 are red and 42-59 are green. Images were produced using Pymol (Delano
Scientific, San Carlos, CA, USA).
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Figure 5.12: The kink of ARS5S5 in LPPG micelles and HFIP is not very flexible. Shown
are structures of AR55 in LPPG micelles (A,B) and 50% HFIP (C,D). In (A) and (C) the
superposed regions are the same as those shown in Figure 5.11. In (B) residues 27-58 are
superposed and in (D) residues 30-59 are superposed. Pymol (Delano Scientific, San
Carlos, CA, USA) was used for visualization.
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Figure 5.13: The per-residue R;, R, and NOE measurements of AR55 in SDS, DPC and

LPPG micelles.
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Figure 5.14: The per-residue calculated values of J(0), J(wx) and J(0.87wy) of ARSS
solubilized in SDS, DPC and LPPG micelles.
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LPPG micelles.
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Chapter 6:
Analysis Of Kinks In Membrane
Proteins (Based On My Contribution To

Manuscript (4))

6.1. Introduction

In chapter 4 I discussed how residues present in the kink of ARS5S5 are important for the
function and/or folding of AR. By examining other membrane protein structures, it is
clear that many membrane proteins have disruptions in their helices. It is thought that
kinks in otherwise a-helical TM regions provide points that readily allow for
conformational change and structural variability. This causes helical kinks to often be
functionally important in proteins (126, 244, 245). For these reasons I decided to continue
a project originally initiated by Michal Wieczorek (a former student of Dr. Rainey's) to
computationally find and characterize kinks in protein helices. I then analyzed a large
dataset of membrane protein structures in order to better understand the characteristics

and causes of membrane protein kinks.
6.1.1. Previous Analyses Of Membrane Protein Helix Kinks

Despite the characteristics of an ideal a-helix being well defined, the features of
disruptions in helices are poorly understood. Even though it is well recognized that

membrane-spanning o-helices from mono- or polytopic membrane proteins may be
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kinked (246, 247, 248, 249, 250, 251), there is disagreement in the literature concerning
the nature, amino acid composition, and underlying causes of helical kinks (247, 249,
250). Compounding this issue, helical kinks are often neglected in the discussion and
analysis of membrane protein structures. This neglect goes to the extent of regions of
PDB (200) files for membrane proteins being annotated as helical even through regions
of disruption.

Three analyses of kinking in datasets of a-helical membrane proteins have been carried
out prior to this work. In 2001, Riek et al. examined 119 TM helices from 11 membrane
proteins, with annotation of non-canonical helical character (i.e. m-helices or 3j¢-helices)
as well as kinks (247). This study identified 36 kinks in 31 helices, with ~26% of helices
being kinked, and ~16% of these kinked helices having two kinks. A 2004 study by
Yohannan et al. examined a set of 39 kinks from 10 membrane protein structures (249).
This study had the unique aim of testing the hypothesis that kinks in TM helices can be
traced back through evolution to ancestral proline residues and, as such, did not focus on
kink detection and geometries. Finally, Hall et al. analyzed the positions of kinks in a
larger subset of 405 TM helices (246), determining that 44% of TM helices were kinked,
with only 35% of these kinks being caused by proline.

After the publication of this work two other related studies were published (250, 251).
In both studies a manually annotated dataset was used. Kneissl et al. analyzed 818 helices
and found 44% of them to be kinked. Meruelo et al. analyzed a smaller dataset of 41 non-
homologous proteins but did not give statistics regarding the frequency of kinked helices.
Both of these studies focus on helix kink prediction from protein sequence instead of kink

characterization.
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In this chapter I present an algorithm, implemented in a web-based Python application
named MC-HELAN (Monte Carlo based HELix ANalysis). MC-HELAN uses heuristics
to systematically detect and characterize helical kinks, regardless of whether the helix in
question is an a-helix, m-helix or 3¢ helix. I classify kinks (any change in helix axis) as
either bends (a change in helix axis direction with all residues remaining helical) or
disruptions (change in helix axis direction accompanied by a loss of helical character of
the residues involved in the kink). I have used MC-HELAN to examine (as of Mar. 2010)
all non-redundant a-helical membrane proteins contained in the PDB of Membrane
Proteins (PDB_TM, (252, 253)). I then present general features of bends and disruptions
in membrane proteins and assess the predictive nature of sequence determinants in the

vicinity of kinks.

6.2. Materials And Methods

6.2.1. Dataset Preparation

The PDB_TM extensible markup language (XML) file and transformed PDB files for
all structures identified as helical membrane-spanning proteins in the PDB_TM (252)
were obtained (all depositions to Mar. 4, 2010). The XML file identifies TM polypeptide
chains and the predicted N- and C-terminal boundaries of each TM span for each PDB
entry. The PDB_TM transformed PDB files have atomic coordinates that are rotated and
translated such that the putative membrane is in the xy-plane and centred at z=0 using the
TMDET algorithm (254). The PISCES algorithm (255) was used to cull the set of
PDB_TM entries, keeping only X-ray crystal structures with resolution less than 3.0 A

and an R-factor better than 0.75 (constraints are not placed on NMR derived structures;
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only NMR and X-ray structures were used) and only the highest resolution polypeptide
chain in cases of pairwise sequence identity =95%. For PDB entries consisting of
ensembles of NMR structures, I have limited my analysis to the first model (i.e. that
contained in the PDB_TM) rather than examining all ensemble members. MC-HELAN

analysis was carried out on the data.
6.2.2. Monte Carlo Method For Helical Axis Definition

A residue at position i is denoted as a helix seed if it is not already classified as part of
a helix and the following three empirically derived conditions are met: i) The dihedral
angle pair (¢i, ;) lies within the 99.95% boundary of Lovell et al.’s statistically derived
a- and 3jp-helical region (256); ii) The angles denoted by the triplet of points

@X = (Ca C;l’ctl

i+x° i+1

) for x =2, 3, 4 lie within ranges of 35-50° for ©,, 60-80° for ©, and
45-65°for ©,; and 3) The distances between C;" and C;, for x =2, 3, 4 deviate from the
distances observed in an ideal helix by at most 0.5 A. Similar geometric criteria have
been employed in other studies to locate helix kinks (247, 257). For each identified seed,
a nascent helix including the backbone atoms of residues (i, i+1, ... , i+4) is used to
approximate a helical axis. The helix axis is denoted by the tuple (c,v), where c is a 3D
point and y is a vector. The fit of the axis is minimized by a uniform random sampling in
each of the components of ¢ and y. An empirically determined objective function (£3) is
calculated, and the new parameters are kept only when E, is lower. For the first 800

iterations, £ is defined using:

I
Eh=EE, and E, = (r=2)" ifr=2 6.1
0 ifr<2
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where r is the minimum distance between a given atom and the helix axis and the sum is
carried out over all heavy backbone atoms of the helical segment. Next, 200 further
iterations use the following modified E,:

E =|r-7’ 6.2
where 7 is the average distance of all of the atoms from the helical axis. This procedure
was adequate for proper convergence of an accurate helical axis over as few as 5
residues, as is readily seen in examination of MC-HELAN output files. After definition
of a helix axis, the nascent helix is extended to include a neighbouring residue if the
residue has helical ¢ and ¢ dihedral angles and the backbone atoms of the residue are on
average < 3 A away from the helix axis. The helix axis is then recomputed and the
process repeated until no additional residues can be added. This procedure is applied
from the N-terminus to the C-terminus of a peptide chain and then again from the C-
terminus to the N-terminus.

Identification of disrupted TM helices is trivial based on the definition given above.
Bends are identified in all instances where two helices are adjacent or overlapping. The
precise location of the bend is determined as residue i using a voting procedure according
to the following criteria: 1) The residue with the largest deviation from ideal helical
dihedral angles (¢=-62°, p=-41°, (258)) if the sum of the deviation is larger than 40°. ii)
That residue i1 has helical ®, angles while i-1 and 1-2 do not. iii) That the distance
betweenC;" and C;:, deviates from the distance expected in an ideal helix by more than

0.5 A and either the C?, and C{, distance deviates by > 1 A or the distance between C,

i+3

andC?

i+3

and C?, andC{, both deviate by > 0.5 A from an ideal helix. In the case of ties

i+2

in the voting process, the location of the bend was determined by identifying the residue i
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in the overlapping segments that optimizes the fit of the helical axis for both incident

helices.

6.2.3. Bend Prediction From Primary Structure

The ability to identify bends from sequence information alone was explored using a
machine learning approach. The identification of a bend position was formulated as the
classification for a window of 9 residues to have a bend site in position 5 or not. A
dataset of 471 converged sequences of length 9 that contain a bend in the 5th (middle)
position was compiled. Likewise, a set of 9067 sequences of equal length that do not
contain a bend was compiled. In total, 10 classification replicates were performed using a
10-fold cross-validation on the 471 bent sequences combined with a random sample of
negative examples of equal size. A feature vector for each character was defined with 1
or more numerical values from the set of possible features: hydropathy (259), membrane
helical propensity (260), relative proportion of residue identity (Table 6.1), and a binary
encoding for 6 physicochemical properties (hydrophobic, polar uncharged, cationic,
anionic, glycine or proline). The final feature vector for one sequence instance is the
concatenation of these features for each character in the input sequence. As a measure of
baseline prediction considering only the presence of a proline residue, an alternative
binary feature vector was used for each residue in the bend local sequence being assigned
1 for proline or 0 for non-proline. The performance of the classifiers was evaluated using
precision, recall and the F-score. The classifier used was the support vector machine
(SVM, (261)) using the Radial Basis Function kernel. For each classification experiment,

optimal C and y parameters for prediction were determined using a grid search.
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6.3. Results And Discussion

6.3.1. Dataset Characteristics

After PISCES culling, the membrane protein dataset consisted of 840 TM helices from
205 polypeptide chains in 137 PDB files derived by both X-ray crystallography and
NMR spectroscopy (Table 6.2). Highlighting the under-representation of polytopic
membrane protein structures in the PDB, of the 205 TM polypeptide chains, only 129
(63%) are polytopic (Figure 5.1 (A)). The bitopic proteins were subdivided into
monomeric vs. oligomeric biological assemblies, with 57/74 being structured as

oligomers.

6.3.2. The MC-HELAN Server

For users wishing to analyze helical axes and kinks in a single protein (whether
membrane-spanning or not), the Python program MC-HELAN is available in a web-
mounted format (freely accessible at http://structbio.biochem.dal.ca/jrainey/MC-
HELANY/). A sample MC-HELAN analysis of a protein, showing both the modified PDB
file produced and the resulting membrane protein topology diagram, is provided in Figure
6.2. In this work, all reported statistics were derived using MC-HELAN in a batch script

format.

6.3.3. Convergence Of MC-HELAN

Since the MC-HELAN algorithm relies on a heuristic approach, convergence of kinked

residue identification is not guaranteed. In order to assess the degree of convergence, the
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MC-HELAN analysis was completed 10 times for every protein, to evaluate the standard
deviation values in kink angles and the consistency of kink locations. In this work, a kink
is considered only if all 10 replicate predictions converged to a single solution.

Overall, 598 of the 616 kinks identified by MC-HELAN (>97%) converged to a unique
solution. The presence of non-converged kinks was not due to failure of the algorithm in
defining an accurate helix axis. Failure to converge was attributable in general to either a
small kink (~5-10°) or to the location of a kink being assigned to pairs of neighbouring
residues. The defined kink angles were well converged with the average value of the
standard deviation of all converged kink angles being 0.043° and the largest standard
deviation value being 4.2°. It should be noted that there were only 4 kinks (<0.7%) that
had a standard deviation of > 1°. In these 4 cases, the kinks being analyzed had
geometries that led to difficulty in exact helix axis definition by the MC-HELAN
algorithm. Since both the convergence and the standard deviation for kink angle of a set
of 10 predictions are a part of the standard output of MC-HELAN, lack of convergence or
high standard deviation values, while generally very rare, should be employed by the user

to highlight kinks where manual interpretation may be necessary.

6.3.4. Frequencies Of Kinks

Out of 810 TM segments with 100% convergence analyzed by MC-HELAN, 293
(36%) were an unperturbed helix, 462 (57%) contained a bend, 54 (7%) a disruption and
1 TM segment had no helical sections. The proportion of kinks detected (64%) is
significantly higher than those detected previously in TM helices using other methods

(26% (247) and 44% (246, 251)). MC-HELAN detects more kinks and, unlike
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HELANAL, does not consider “curved” helices as a separate class. In addition, the
extension over dynamic regions of a helix from both N- and C-termini in the MC-
HELAN algorithm improves sensitivity to small deviations in the helical axis that may be
missed by algorithms that rely strictly upon local parameters over fewer residues. The
MC-HELAN algorithm also avoids the issue that least-squares fitting derived helical axes
are dependent upon the number of residues analyzed (247). MC-HELAN analysis files of
the full dataset are available for download at the MC-HELAN website.

The high prevalence of helical kinks in membrane proteins is likely reflective of both
the degree of constraint and the uniqueness of the membrane environment. The physical
presence of the lipid molecules and the anisotropy of a hydrophobic layer sandwiched on
both sides by two potentially dramatically different hydrophilic environments limits the
possible conformations of a protein. Due to this, the architectural toolkit of TM helices of
membrane proteins may be hypothesized to require a high number of bends, disruptions
and orientational diversity to provide functional uniqueness (246, 247, 248, 249). This is
upheld by the fact that even non-kinked TM helices very rarely cross the membrane at an
angle perpendicular to the membrane surface. Rather, they are observed to cross the
membrane at a range of angles, with 10-30° relative to the membrane normal defined by

TMDET being the most common (Figure 6.3).

6.3.5. Comparison Of MC-HELAN To HELANAL And DSSP

The membrane protein dataset was analyzed with both DSSP (262) and HELANAL
(263) using the TM regions defined by the PDB_TM as boundaries for analysis (Table
6.2 and Figure 6.4). Although the ProKink (264) algorithm has been used in the past to

analyze helix kinks (246), this algorithm is designed to calculate kink geometry given
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helical axis information and a postulated kink position, rather than to directly detect or
identify kinks a priori. Therefore, I did not compare ProKink directly to MC-HELAN.
Although MC-HELAN, HELANAL and ProKink all have similar functions, the output
data from each program is unique. HELANAL is able to determine which amino acids
are kinked (at the user’s discretion through parsing of the output data) but does not
calculate a kink angle, while MC-HELAN provides both kinked residues and kink angle.
Conversely, ProKink is optimized to determine kink geometry. ProKink may also be used
to determine the kink location, but unlike HELANAL and MC-HELAN, this must be
carried out in an iterative manner with intensive user analysis (e.g. (246)). Finally, MC-
HELAN analyzes the TM helices and protein as a whole in the context of the plasma
membrane, unlike either HELANAL or ProKink. Although MC-HELAN, HELANAL
and ProKink have all been used to analyze helix kinks, these fundamental differences
between the algorithms and output data must be kept in mind.

To test for differences in regional vs. localized kink detection, pairwise comparison
between methods for kinks detected by each method at a given location was performed.
For this comparison, additional parsing of output data was required. In the case of MC-
HELAN, only converged kinks were considered valid for comparison. In the HELANAL
algorithm, helices are classified as linear, curved and kinked. Because HELANAL does
not determine the location of kinks, any residue that had a local helix axis bend angle >
20° (the cutoff used by HELANAL to categorize a helix as kinked) was considered
kinked. Also, three residues are effectively lost at both the N- and C-termini of each helix
by HELANAL due to the requirements of its helix axis calculation algorithm. For the

DSSP analysis, any residue that did not have helical character was considered kinked. For
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any of the 3 methods, an identified kink was only counted if there were at least 2 helical
residues between the kink and the N- or C-terminus of the helix and there were at least 3
helical residues between it and the next nearest kink. Putative kinks located less than 3
residues apart were annotated as a single kink. Pairwise comparison was performed over
windows of +0-4 residues (Figures 6.5 and 6.6). Increasing the window size beyond *1
residue led to only a small increase in the number of overlapping kinks observed (Figure
6.5). For consistency, all results are reported with a window size of +4.

MC-HELAN was able to locate ~87% of kinks detected by either HELANAL or DSSP
(Figure 6.5), as well as many additional kinks, demonstrating the effectiveness of the
algorithm. Notably, although there are approximately the same number of regions of
helical disruption located by DSSP and kinks located within TM helices by HELANAL
(Table 6.2) they are largely non-overlapping, with only ~37% of kinks being detected by
both methods. Finally, two kinks were detected by HELANAL with a lack of helical
character as defined by DSSP that were detected at a level of < 100% convergence by
MC-HELAN (Figure 6.4).

It is important to note that while MC-HELAN did locate more kinks than HELANAL,
many of these kinked helices would have been classified as curved by HELANAL. In
fact, out of the 840 helices analyzed, HELANAL only considers 68 helices to be linear
while MC-HELAN identifies 293 converged linear helices. This large discrepancy arises
from fundamental differences in the algorithms used to define helix axes, as HELANAL
will fit some kinked helices to curves, while MC-HELAN will instead fit a kinked helix

to multiple straight axes.
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6.3.6. Architecture Of Helical Kinks

Examination of the frequency of kinks as a function of depth within the bilayer region
(defined here relative to the center of the lipid membrane as determined by TMDET)
demonstrates that kinks associated with the membrane surface are not overly prevalent
since bend and disruption depths are highly variable (Figure 6.7). Helical disruptions
appear equally probable at any depth, with a surprisingly high frequency of bends located
near the center of the putative membrane bilayer, where the environment should be the
most uniform, versus near the membrane surfaces. When considering bends that occur in
the central 70% of the membrane, thus removing the headgroup associated bends, TM
helix bends are distributed over a range of kink angles (Figure 6.8), with 10-20° being the
most frequently observed. Disruptions show much greater variability in kink angle
(Figure 6.8 (A)) and a reduced preference for small kink angles in comparison to bends.
Surprisingly, some disruptions found by MC-HELAN are >90°. Close examination of
these disruptions (Figure 6.9) indicates that they are not a failure of the algorithm. In all
cases, the protein chain containing the large disruption was part of a larger multimeric
complex, perhaps explaining how such a large deviation in helical character can be
tolerated.

A reasonable a priori hypothesis would be that helical kinks in membrane proteins are
more likely in situations where tertiary structuring could stabilize hydrogen bond donors
and acceptors. Examination of the likelihood of bends or disruptions as a function of
number of TM helices, however, clearly demonstrates that the frequency of helical

kinking is independent of the number of TM helices in a membrane protein (Figure 6.1
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(B)). In other words, regardless of the topology of an a-helical membrane protein, ~2/3

of its TM helices should be expected to be kinked and/or significantly disrupted.

6.3.7. Amino Acid Prevalence At Helical Kinks

The prevalence of amino acids at and in the region of helical bends and disruptions is a
matter of significant literature debate. Proline residues are well recognized as inducing
kinks in helices due to the disruption in hydrogen-bonding arising from the lack of a
backbone amide proton (246, 247, 249). In the work of Yohannan et al., this was taken to
the extreme of hypothesizing that proline residues are at the evolutionary root of all kinks
in TM helices and this hypothesis was tested using a relatively small set of TM helices
(249). Notably, the recent investigation of a much larger set of membrane proteins by
Hall et al. (246) employing ProKink (264), found statistics somewhat at odds to those of
Yohannan et al., with 19% of kinks being due to proline and 16% being associated with
vestigial proline. Other studies have found ~50% (251) and 58% (250) of kinks to be
associated with proline. Beyond proline, glycine is also typically assumed to be helix-
destabilizing (265), although it should be noted that this may not necessarily be a valid
assumption in non-polar environments (260). Since the MC-HELAN algorithm is entirely
independent of amino acid sequence, it provides an ideal tool to investigate the induction
of helical kinks by particular residues or motifs.

Examining the residues identified as being at the bend and within one helical turn
of the 471 converged bends detected in the centre 70% of TM helices, with direct
comparison to the likelihood of finding the same amino acid in a TM helix in general
(Figure 6.10 and Table 6.1), several trends become apparent. First, proline is over 500%

more frequent at both the i+2 and i+3 positions C-terminal to a bend (where the bend
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occurs at position 1) than anywhere else in a helix (Figure 6.10 (A)). However, proline is
less likely to be at the position of the bend itself or N-terminal to it than it is to be in the
rest of the helix. These results mirror previous studies (246, 250, 251) that find proline to
be frequent two residues away from a kink, although the trend detected by MC-HELAN
is much more apparent. Although proline is more frequent near a kink, only 33% of TM
bends actually have a proline within one helical turn (Figure 6.11). Also, only 71% of
TM helix proline residues are found within one turn of a bend or disruption, although
many others appear at the termini of helices. This is a similar trend to Hall et al., who
found 35% of bends to be due to proline (246), but lower than the ~50% of helical kinks
due to proline found in other studies (247, 250, 251). Interestingly, the presence of a
proline residue clearly shifts the distribution of bend angles towards higher values (Figure
6.8 (B)). Previous studies indicated that proline induced kinks in TM helices (247) vs.
globular proteins (247, 258) have a consistent angle of ~ 23-26°, which was not upheld in
this study.

Beyond proline, other residues also show increased frequency in the vicinity of TM
helical bends. Most notably, aspartic acid is over 3 times more frequent at the i-4 position
and lysine is over twice as frequent at the i+1 position. Decreased frequencies are also
clear for a number of residues (Asn, Asp, Cys, Glu, His, Lys and Tyr) at specific
positions surrounding a bend in a TM helix (Figure 6.8 (B)). Considering helical
propensities in a non-polar environment (260), the observed trends of increased and
decreased prevalence do not show a straightforward, direct relationship.

Disruptions in TM helices show a similar trend in amino acid frequencies to those at

bends (Figure 6.12; not plotted as a function of position due to the relatively low number
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of residues involved), with aspartic acid, asparagine, glutamic acid and proline all being
significantly more frequent in a membrane disruption. All of these residues, notably, have
relatively low helical propensities in a non-polar environment (260). Other studies show
acidic and basic amino acids to be associated with kinks, but the specific nature of the
association varies with the study (44, 250, 251). Finally, mirroring its relatively good
helical propensity in non-polar environment (260), glycine is no more likely to be found
in the vicinity of a TM helical kink than elsewhere in the helix. This glycine distribution
is confirmed by Meruelo et al. (250) but not by Kneissl et al. (251). Overall, the polar or
charged amino acids that show greatly increased frequency near kinks (Figures 6.11 and
6.12) may be capable of forming hydrogen-bonds to the backbone of the helix (266). This
would break the typical hydrogen-bonding pattern of a a-helix, destabilizing it and allow
a kink to form. It is important to note that the charged residues that are in proximity to
kinks are themselves quite rare (Table 6.1), meaning that the observed discrepancies in

frequencies may in some part arise from the limited dataset.

6.3.8. Prediction Of Kinks From Sequence Information

Although proline has been advanced as being essential for kink formation (249), this
study and others (246, 247) find instances of proline residues that do not induce a kink
and many kinks in the absence of a proline. With this in mind, I used machine learning
algorithms to attempt to predict kinks in TM helices from the protein sequence. Through
iteration, it was determined that the relative frequency of a residue in the vicinity of a
bend (Table 6.1) for residues i+1 to i+4 was on its own the best feature to train a SVM
classifier (F-score 0.59), versus training sets including side-chain identity or

physicochemical properties (Table 6.3). Predicting from proline residues alone, in a
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position-sensitive manner, achieves a maximum F-score of 0.50. Predicting kinks solely
on the presence of proline provides the highest accuracy at 74%, but consequently the
recall of bend prediction suffers greatly (38%) since most experimentally observed kinks
do not involve a proline at all.

Since the classifier based on machine learning is able to accurately predict bends
to some extent, primary structure definitely plays some role in creating kinks. However,
even the best F-scores over all training sets and window sizes are relatively low (<0.6),
indicating either that sequence information in the vicinity of a kink is only one factor in
inducing bends or that the currently available dataset is still much too small. Other
factors, such as tertiary structure, may therefore play large roles in kink formation.
Recall, however, that bitopic and polytopic TM proteins show an equal prevalence of
kinks (Figure 6.1 (B)), implying that tertiary structure is not exclusively responsible.

More recent studies using a neural network (250) or string kernels for SVM (251) have
had greater success predicting helix kinks from the protein sequence. However, both
studies are unable to predict all kinks successfully and conclude that primary structure is
not the only factor that creates a helix kink. Kneissl et al. suggest that proline induced
kinks may be due to local sequence while non-proline kinks are due to either the
sequence of the helix as a whole, or the tertiary packing of the full length protein. This
suggestion is in line with the results I present here especially considering the strong

association of proline with kinks (Figure 6.10).
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6.4. Summary

At this point in time, the exact factors causing TM helices to kink remain elusive.
Sequence determinants certainly play some role but as of yet are not sufficiently well
defined to accurately predict the presence of a kink. What is clear, however, is that the
standard topology diagram inference that a helical membrane is made up of a bundle of
canonical helices is far from the truth. In reality, topologies should be expected in which
~ 2/3 of TM helices are kinked and the membrane-traversal angles of the helical

segments are highly variable (e.g. Figure 6.2 (C)).
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Table 6.1: The relative frequencies, with respect to the frequency of the given residue in
all TM helices (n = 12,079 residues), of each residue type at or within 4 residues of a TM
helix bend. Only residues and bends located in the central 70% by depth of the putative
membrane are counted. Frequencies of each residue in the analyzed region are given in
brackets.

Residue Location of Residue relative to bend

(frequency) 1-4 1-3 1-2 I-1 | 1+1 1+2 1+3 1+4
Ala (12%) 1.0 1.0 0.8 1.0 0.9 0.8 0.7 0.9 1.0
Arg (1%) 0.7 1.9 0.5 1.5 1.1 0.8 1.8 0.5 0.8
Asn (1%) 0.6 1.6 1.4 1.1 1.0 1.3 0.6 0.3 0.6
Asp (1%) 39 1.5 1.4 1.2 0.3 0.6 0.8 0.6 2.0
Cys (1%) 0.5 1.1 1.0 1.4 1.3 0.4 0.2 1.2 0.8
Gln (1%) 1.3 0.9 1.6 0.4 1.1 0.6 0.7 04 1.3
Glu (1%) 1.1 0.7 1.4 0.7 0.7 0.2 0.7 1.8 1.3
Gly (10%) 0.6 0.9 1.0 1.1 0.9 1.0 0.9 1.4 0.7
His (1%) 1.4 0.3 0.6 0.9 1.1 0.8 0.5 0.5 1.4
Ile (11%) 0.9 1.0 1.0 0.7 1.3 0.9 1.0 0.7 1.0
Leu (17%) 1.2 1.1 1.1 1.1 0.8 1.1 0.9 0.7 0.9
Lys (1%) 2.3 1.6 0.8 1.1 2.2 2.8 0.0 2.0 0.9
Met (4%) 0.9 0.7 1.1 1.2 1.3 0.7 0.9 0.8 0.9
Phe (9%) 1.1 0.9 1.1 1.1 1.1 1.1 0.8 1.2 1.0
Pro (2%) 0.4 0.8 0.6 0.3 0.6 1.5 6.5 5.7 1.5
Ser (5%) 0.9 0.9 1.0 1.8 1.0 1.0 0.7 1.1 1.4
Thr (5%) 0.6 1.1 1.1 0.9 1.0 1.0 1.1 1.0 1.1
Trp (2%) 1.7 1.3 0.9 0.9 1.0 0.5 1.1 0.6 0.5
Tyr (3%) 1.5 0.8 0.7 0.3 1.4 1.7 1.2 1.1 1.1
Val (11%) 0.9 1.0 1.0 0.9 1.0 1.1 1.0 0.7 1.1
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Table 6.2: TM helix characteristics (n=840) as classified by MC-HELAN, HELANAL
and DSSP for the non-redundant set of currently solved protein structures (n = 205)
containing at least one TM helix. (N/A is not applicable.)

MC-HELAN* HELANAL DSSP

Linear helices 293 68 N/A
Curved helices N/A 382 N/A
Kinked helices 516 387 N/A
Bent helices 462 N/A N/A
Disrupted helices 54 N/A 142°
Bends 543 N/A N/A
Disruptions 55 N/A 153°
Kinks used for pairwise 559 158 153

comparisonb

*The reported numbers are only for the converged helices found by MC-HELAN.
®Only kinks detected > 2 residues from the end of a helix. Multiple kinks within 3 residues are merged.
¢ Value obtained by parsing the files as in the pairwise analysis.
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Table 6.3: The ability of classifiers trained using machine learning to predict helix bends
from sequence information using training sets based either on relative frequency of a
residue near a bend (Table 6.1) or on a binary proline/non-proline classification. These
represent the best predictions of a wide variety of training sets and predictive window
ranges that were employed.

Predictor Predictive residues Precision Recall F-Score
Relative frequency i+l to i+4 0.64 0.55 0.59
Relative frequency  i-4 to i+4 0.68 0.45 0.54
Proline 1-4 to 1+4 0.74 0.38 0.50
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Figure 6.1: Composition of the culled helical membrane protein dataset. (A) Number of
polypeptide chains (205 total) with indicated number of TM helices. (B) The proportion
of kinked (i.e. bent or disrupted) helical segments identified by MC-HELAN in TM
proteins of each size. Only TM segments that converged by MC-HELAN analysis
(>97%) are considered in (B). The bitopic proteins have been subdivided into those that
are in a monomeric state (1-m) and those that are part of an oligomeric complex (1-0).
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Figure 6.2: MC-HELAN analysis of the voltage sensor domain from a potassium channel
(PDB entry 10RS; (267)) with four helical TM domains. (A) Cartoon representation of
the entire TM domain of 10ORS, with the residues identified by TMDET (254) as being
membrane-spanning coloured with respect to TM domain. (B) MC-HELAN output
specifically demonstrating the kinks observed in each of the four TM domains of 10RS.
Black residues indicate a membrane disruption or bend found by MC-HELAN. (C) The
topology diagram generated by MC-HELAN for all TM helices of IORS with calculated
bend or disruption angles indicated. The orientations and positions of each TM domain
with respect to the putative membrane normal calculated by TMDET alongside kink
characteristics determined by MC-HELAN are represented in the topology diagram.
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Figure 6.3: Observed distribution of the frequency of helix angles to the membrane
normal for linear TM helices (n = 293) identified by MC-HELAN.
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Figure 6.4: Examples of TM helices classified as kinked. Colours indicate the kinked
residues detected by HELANAL (263) or DSSP (262) (blue); by MC-HELAN (red); or
by MC-HELAN and either HELANAL or DSSP (yellow). Kinks are shown that were
(A,B) detected by all three algorithms; (C,D) detected by HELANAL and DSSP, but did
not have a converged position over 10 replicates of MC-HELAN analysis; and (E,F) by
MC-HELAN only. In the illustrated cases, an overlap window of +4 residues was used to
define a kink between two different algorithms as being overlapped. In (C,D) the kinks
shown by MC-HELAN were not converged, causing the kink to be ‘missed’ by MC-
HELAN.
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Figure 6.5: Comparison of kink detection in TM helices by MC-HELAN, HELANAL
and DSSP. The percentage of overlapping bends for each category is shown for residue
windows of 0-4, representing the overlap leniency. Leniency is defined such that, e.g., if
residue 30 were detected as kinked by MC-HELAN and residue 33 were detected as
kinked by HELANAL, the kink is counted as overlapped only if the overlap leniency is
=3.
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Figure 6.6: Comparison of kink detection in TM helices by MC-HELAN, HELANAL
and DSSP. The residue leniency for this Venn diagram is 4, meaning that if 2 algorithms
each detect a kink, so long as the detected kinks are within 4 residues of each other it is
considered to be the same. The numbers in the circles represent the number of kinks in a
particular class. For example, MC-HELAN detects 341 kinks that the other two
algorithms do not.
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Figure 6.7: The percentage of bends (n = 471) and disruptions (n = 53) in TM helices
located at different distances from the putative centre of the membrane as predicted by
the TMDET algorithm (254). In (A), no distinction has been made for the side of the
membrane that a kink is located. In (B), the TOPDB (268) was used to assign the bends
(n=234) and disruptions (n=20) as either being on the outside (positive values) or the
inside (negative values) of the membrane. The inside face is defined as being the
cytoplasmic face of the membrane using the TOPDB convention. The shown distances
represent the upper limit of histogram bins.
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471) and disruptions (n = 55) located in the center 70% by depth of the putative
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without a proline within a range of +4 residues.
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Figure 6.9: Structures and topology diagrams of all of disruptions found in the dataset
with kink angle > 90°. On the left are images of single chains of the protein with the helix
containing the highly-kinked disruption coloured red. On the right side of the figure are
topology diagrams from MC-HELAN with the angle of the disruption indicated. Shown
are the sodium-dependent aspartate transporter (2nwlA (269)), the molybdate/tungstate
ABC transporter (3d31C (270)), cytochrome B (3¢cx5C (271)) and the formate transporter
FocA (3kcuA (272)). The topology of the proteins are indicated with the cytoplasmic face
of the membrane defined as inside according to the TOPDB (268) convention.
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bend with respect to the frequency of the given residue in the central 70% of the putative
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by depth of the putative membrane that are found within one helical turn of each residue
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Figure 6.12: The relative frequencies of residues in or within one turn of a disruption,
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is shown for residues both in and within ~1 helical turn (i.e. 4 residues) of TM helix
disruptions (n = 55) located in the central 70% of the putative membrane.
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Chapter 7:

Conclusion

In this work I have studied the structure of apelin both in solution and when bound to
detergent micelles. I have also studied the structure of ARSS5 in 4 different membrane
mimetics. Through the results I present in the previous chapters and in the context of
other studies, a model of apelin and AR binding can be proposed which follows the

membrane catalysis hypothesis.
7.1. A Model Of Apelin-AR Interactions

The results that I have obtained concerning apelin and AR can be fit to the membrane
catalysis model of ligand-receptor interactions and are shown in Figure 7.1. An
interesting trend that appears is that apelin seems to have two distinct structured regions.
One region occurs in the middle of apelin-17 beginning at R6 and the other in the C-
terminus of the peptide including F17. Both of these regions are required for the final
binding and activation of AR to occur. However, these regions of apelin could have
distinct functions in the steps leading up to receptor activation.

If apelin binds to AR following the membrane catalysis model there are several
relevant states of apelin and AR to consider. When free in solution the central region of
apelin from residues R6-L9 is only weakly structurally converged. However, after
binding to micelles residues R6-K12 of apelin become more structurally converged. This
is likely a direct result of residues R6 and R8 being in contact with the membrane

surface. After interactions with the membrane, apelin would then be free to bind to AR.
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My work also investigates the structure of apelin when bound to AR. The presence of
two structurally converged regions in apelin indicates that these two regions could be
acting independently of each other to allow AR binding and activation. An interesting
observation is that E20 and D23 of AR form an anionic surface and R6 and R8 of apelin
create a cationic surface on apelin. Given that mutation of these residues affects the
binding of apelin to AR, it is a logical suggestion that these residues are partially
responsible for AR activation. With R6 and R8 of apelin being associated with the
extracellular loops of AR, the hydrophobic C-terminus of apelin may then be able to bind
into the TM region of AR and cause signaling. Although from my data the assertion that
the C-terminal phenylalanine binds to the ligand binding site of AR is speculative, other
groups have produced molecular dynamics models where this occurs (128). In addition
this two step mode of a ligand binding to a GPCR has been observed previously with the
CXCR4 receptor (68).

The major portion of the model shown in Figure 7.1 that is not investigated by my
work is the transition of apelin from a membrane-bound to a receptor-bound state. To
analyze this transition is extremely difficult and I have been unable to find any solid
experimental proof of this occurring with other systems. In order to analyze this
transition, I believe that a single molecule technique would be helpful since convolution
of signal from free, membrane bound and receptor bound states of the ligand would be a
significant problem. Although single molecule techniques do exist, they do not have the
resolution necessary to monitor the transition of apelin from the membrane to the
receptor. Furthermore, characterizing the structural changes that apelin undergoes during

this transition would be difficult. Further questions about how apelin transitions from the
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membrane to AR can be postulated. For example, does apelin transition directly from the
membrane to AR or does apelin first dissociate from the membrane, and then bind to AR?
Overall, this portion of the model is very difficult to characterize and can likely only be

investigated through a combination of experimental techniques.

7.2. Future Work

There are several tractable questions that arise out of my work that can be the subject
of future research. Although I approximate the structure of apelin while bound to AR,
more direct evidence of this structure would be helpful. One way to address this would be
through crosslinking studies, where a chemical is used to crosslink apelin to nearby AR
residues. These crosslinking studies could lend support to the hypothesis that R6 and R8
of apelin interact with E20 and D23 of AR.

Another approach to looking at the interaction of apelin with E20 and D23 would be
mutagenesis of these residues. If this initial interaction between apelin and AR is largely
electrostatic, mutation to other charged residues may conserve the activity of the system.
Although mutagenesis may not directly determine the binding site of apelin to AR, it can
provide context for future studies of AR.

I observe conformational sampling occurring from G13-17 in apelin-17 that is due to
the P14 and P16 having a cis-cis or trans-trans conformation. This immediately raises the
question of which conformer of apelin is actually responsible for binding to and/or
activation of AR. The simplest way to address this problem would be peptide synthesis of

apelin analogues which have modified proline residues that are locked into either a cis or
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trans conformation. Completion of these studies would also be immediately application
for drug design to AR.

The main limitation of my structural characterization of AR is that I have characterized
only ARS55 and therefore lose the tertiary structure context of AR55 within AR. Some of
this structural context has been regained through molecular modeling studies but further
structural studies of AR would be beneficial. A long term goal for the structural
characterization of AR could be to solve several overlapping receptor fragments and then

use these to model full length AR, similar to what has been completed for rhodopsin (61).

7.3. Impact

In addition providing details to the model of apelin-AR interactions detailed above my
work has had much more tractable impact. The structural data of apelin that I have
provided was the first high resolution structure of either apelin or AR ever generated.
Indicative of the high level of interest in apelin as a possible therapeutic, in just two years
after the publication of my apelin structure there were AR agonists and antagonists
generated based on my data (273, 274, 275). Even if these agonists and antagonists do not
end up being used as therapeutics, they are useful research tools for studying apelin and
AR.

Currently my work concerning ARS5 has not yet been published, but given the high
level of interest concerning GPCR structures and the apelin-AR system this work will
have significant impact as well. In particular my structure of ARS5S5 puts the functionally
essential E20 and D23 into a structural context. If it is indeed true that apelin interacts

with E20 and D23 as well as with the TM helices of AR, this would suggest that targeting
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drugs to either of these locations could influence AR signaling. In short, in addition to
contributing to our understanding of peptide-GPCR interactions, my structural results

will provide further information for drug design to AR.
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Figure 7.1: A model of apelin binding to AR. In this model apelin will first bind to the
plasma membrane instead of AR. This results in increased local concentration of apelin
and structural changes which may help with binding to AR. Apelin will then bind to AR
through a mechanism not detailed in my work. Apelin may bind to AR through a two step
process, with R6 and R8 of apelin interacting with D20 and E23 of AR followed by the
C-terminal phenylalanine of apelin interacting with the TM helices of AR. When
possible, I have shown the structure of apelin-17 in the various stages of this model. For
clarity, I have omitted the structure of ARSS5 from this diagram.
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