ABSTRACT
Folding, Dynamics and Interaction Studies of the Neuropeptide Y Family
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Mentor: Gouri Jas, Ph.D.

Detailed molecular knowledge of the complex dynamics of biological processes
such as folding and the interaction with cellular membranes may greatly advance the
treatment of human disease.

The Neuropeptide Y family of peptides are highly

conserved peptides found in nature, consist of 36 amino acids, and are widely distributed
in the central nervous system of mammals.

A detailed study of thermodynamics,

kinetics, membrane translocation, and receptor interaction of human neuropeptide Y
(NPY) and the thermodynamics and detailed molecular modeling of human peptide YY
(PYY) were investigated. These studies employed a combination of experiment and
simulation to characterize the two most important members of the neuropeptide Y family.
The formation of secondary structures is one of the most fundamental processes in
protein folding. To obtain a detailed understanding of protein folding it is useful to study
peptide models that provide well defined stable structures in solution. NPY and PYY are
composed primarily of two important secondary structural elements: the α-helix and
hairpin-like structure. Therefore, further analysis of the three most prevalent helical
secondary structures found in nature (α-, 310-, π-helix) and the β-hairpin structure were

carried out with carefully designed peptide models to characterize their individual
structures and formation. These studies suggest two different mechanisms of formation
for helical and β-hairpin structures.
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CHAPTER ONE
Introduction

Pancreatic Polypeptide Family: Importance/Overview
The pancreatic polypeptide family is a group of three peptides that all share a
similar structure and sequence. This family is made up of Neuropeptide Y (NPY),
Peptide YY (PYY), and Pancreatic Polypeptide (PP). All of these peptides are tyrosinerich, contain 36 amino acid residues and are C-terminally amidated. NPY was first
isolated from the porcine brain and sequenced in 1982 by Tatemoto,1 and it was soon
found in mammals, including humans. PYY was first isolated from the intestine2 and
was also soon found to be one of the major gastrointestinal peptides.3 PP is the only
peptide of this family to have a solved crystal structure.4, 5 All of these peptides transmit
their signals intracellularly via a set of G-protein coupled receptors (GPCRs) called Y1,
Y2, Y3, Y4, Y5, and y6, activating a number of pathways. The two major peptides of this
group are NPY and PYY because of their involvement in a number of physiological
processes and diseases/disorders including, but not limited to, cancer, various
gastrointestinal diseases, cardiac diseases, obesity, epilepsy, anxiety, depression,
regulation of circadian rhythm, blood pressure regulation, and memory retention. Since
the discovery of their involvement in so many physiological processes, they have become
an important area of research, with studies striving to understand receptor binding,
receptor specificity, and construction of potent analogs to potentially treat some of these
diseases and disorders.

1

Origin, Storage and Release of NPY and PYY
Like other secreted peptides of low-molecular weight, the pancreatic polypeptide
family of peptides is synthesized as larger pre-cursors.

These precursors must be

endoproteolytically processed for their release in an active form.6 The genes of NPY and
PYY are similar in organization with four exons and three introns each.7 Each of their
cDNA sequences contain a 5’- and a 3’- untranslated region and a sequence coding for
the signal peptide, the mature peptide (36 amino acids in length), the proteolytic
processing site consisting of GKR (amino acids glycine, lysine, and arginine,
respectively), and a spacer region.6 Each of these domains is largely encoded by a
separate exon.7 Although their processing steps are similar, NPY and PYY processing
differ, resulting in two unique peptides.

NPY Origin, Storage and Release
NPY is present throughout the periphery and the central nervous systems and is
one of the most widely distributed neuropeptides in the mammalian central nervous
system. The NPY gene is located on human chromosome 7 at the locus 7p15.1 which
results in the synthesis of a pre-pro-NPY in the cell soma, and to a lesser extent in the
dendrites.8, 9 Pre-pro-NPY is then packaged in large dense core vesicles (LDCVs) which
contain proteolytic enzymes and transported to the axons and dendrites.8,

9

During

translation in the endoplasmic reticulum a 28 amino acid peptide is removed and proNPY is produced. Prohormone convertases cleave the precursor Pro-NPY at a dibasic
site to generate NPY(1-39) and CPON (C-flanking peptide of NPY).

Then,

carboxypeptidase further processes NPY(1-39) by truncation of the C-terminal end to
generate NPY(1-37), which is a substrate for the enzyme peptidylglycine alpha-amidating

2

monooxygenase which leads to the biologically active amidated NPY(1-36).8,

10

This

biologically active NPY may be further processed by two enzymes, dipeptidyl peptidase
IV (DPPIV) and aminopeptidase P, resulting in NPY(3-36) and NPY(2-36),
respectively.8 Immunohistochemical studies have shown that NPY and its analogs are
stored in large dense core vesicles within the cytoplasm of cell bodies as well as the
terminals of various cells, including the hypothalamus and the neuroblastoma to name a
few. Although there are few studies on the release of NPY, it is predicted that it is
released upon several stimuli, including other neuromodulators, given its wide
distribution and coexistence with other neuromodulators/neurotransmitters.8 After the
release of NPY, it can interact with the Y receptor subtypes to induce a signaling
cascade.11-15

PYY Origin, Storage and Release
The human PYY gene is located on chromosome 17q21.1, only 10 kb apart from
the human NPY gene.7 This peptide was first identified as a gastrointestinal hormone
since it is found in greatest concentrations in the terminal ileum, colon, and rectum,3 but
has sense then been found in certain neurons.16 In the gastrointestinal tract, PYY is
released from the apical microvilli of endocrine L cells (the most abundant cell type of
the ileum and colon) which are able to sense nutrients and other substances presented in
the intestinal luman. The L cells are rich in endocrine granules that allow the secretion of
hormones from the basal granules into the circulation. These L cells release PYY, which
is co-stored and co-released with glucagon-like peptide 1, in the digestive tract by
indirect stimulation from the proximal gut through neural and humoral pathways and by
direct stimulation by luminal contents.

There are two endogenous forms of PYY,

3

PYY(1-36) and PYY(3-36). The removal of the N-terminal Tyr-Pro residues of PYY(136) by dipeptidyl peptidase IV (DPP-IV) generates the peptide PYY(3-36).17

Both

peptides are released into the circulation almost immediately postprandially with
concentrations proportional to meal energy content.18,

19

After their release, they are

capable of transmitting their signals via the Y receptor subtypes.

Structures of NPY and PYY
It is commonly appreciated that receptors or target cells recognize the threedimensional structure of regulatory peptides. However, the knowledge of the structurefunction relationship of peptides is limited to, by a large extent, their primary sequences.
Although crystal structures have been solved for a number of proteins, they are restricted
in number, due to their complexity and lengthy experimental process, and in their
inability to provide a true structure in an aqueous environment.

The pancreatic

polypeptide family contains relatively similar conformations in aqueous solution. Since
the completion of the X-ray crystallography of avian PP,4,

5

attempted models for the

solution structures of the other two family members, NPY and PYY, evolved. Along
with these models, circular dichroism, NMR, and fluorescence-labeling studies have shed
light on the solution structures of this peptide family.20
The pancreatic polypeptide family, also known as the PP-fold family of peptides,
all share the similarity of a PP-fold structure. Although their primary sequences differ
considerably (Table 1.1), with about 66% sequence homology between NPY and PYY,
their structures are very similar.21 Each peptide contains the conserved residues Pro2,
Pro5, Pro8, Gly9, Tyr20, and Tyr27 which are important for the formation of the PP-fold,

4

Table 1.1: Primary sequences of human NPY, PYY, and PP.
Peptide
hNPY
hPYY
hPP

Sequence
YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY-NH2
YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-NH2
APLEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY-NH2

characterized by a poly proline-like segment of Pro2-Pro5-Pro8. This allows the peptide
to be oriented so that the N-terminal segment folds back on a long amphipathic α-helix.
The α-helix is then followed by a relatively disordered C-terminal hexapeptide. After
this PP-fold type structure was identified in avian PP by X-ray analysis, it has also been
found in the solution structures of NPY and PYY, although there is still ambiguity to the
extent of back-folding.22-25 It is postulated that this overall structure is significant for
receptor recognition and for the peptides’ protection against endoproteolytic digestion.26
The solution structures of the monomeric forms of both NPY and PYY are important
because both peptides exist as monomers at physiological conditions (<1 nM in
circulation).19 Further knowledge on how these peptide structures correlate to their
function will allow for the understanding of requirements for receptor activation and
selectivity, therefore leading to potent NPY and PYY analogs.

NPY Structure
Although several papers are published on the solution structure of NPY,22-24, 27, 28
all of these structures differ slightly in the overall three-dimensional conformation. NMR
studies become complicated because at concentrations required for these types of studies,
NPY has been shown to exist as a dimer, which differs from its monomer structure at
physiological conditions.24 However, as more and more is discovered about the NPY
structure, there is a consensus in the secondary structures that compose NPY.

5

Darbon et al.23 found through NMR that NPY contains two amphipathic α-helical
regions consisting of residues 15-26 and residues 28-35, which are connected by a kink at
residue 27 with an angle between these helices varying between 120° to 100°. The
amphipathic helices contain a hydrophobic face, which orients itself towards the Nterminus, and a hydrophilic face, which orients towards the solvent environment. The
polyproline N-terminal segment (residues 1-10) is connected to the α helix region via a
tight hairpin turn made up of residues 11-14. These residues were previously proposed25
to be a part of the helix; however, with medium-range NOE it is difficult to discriminate
between a tight turn and a helical segment.

Inter-side-chain long-range NOE were

detected through the hydrophobic side chains of Pro5, Tyr20, Ala23, Leu24, Tyr27,
Leu30, and Leu31, representative of a PP-fold structure; however, a low quantity of NOE
were found in the N-terminus which may be caused by rapid motion or local
conformation flexibility. Since the side chains were solvent accessible and showed no
long-range NOE, they concluded that NPY was not in a dimerized form.23 Monks et al.24
then expanded on the solution structure of NPY by using similar conditions as Darbon
and co-workers. Unlike Darbon et al., Monks found no long-range intramolecular NOE
indicative of a PP-fold type structure. They also found that NPY undergoes dimerization
at concentrations between 1 to 2 mM according to sedimentation equilibrium analysis. In
addition, the NOESY spectrum also showed intermolecular NOE that were assigned to
helix-helix interactions (dimer forms in the antiparallel arrangement). The N-terminal
tyrosines (Tyr1 and Tyr36) were found to undergo greater conformational freedom than
the inner tyrosines (Tyr20, Tyr21, and Tyr27). Also, contrasting Darbon’s findings,

6

Monks and co-workers found that there is one helix region spanning from residues 13-36
with a kink around residues 21-22.24
With inconsistencies in the NPY structure, Nordmann and co-workers27 also
utilized NMR and CD to analyze the NPY structure.

They found two ordered

conformations of NPY, one which is a monomer where the N-terminus contacts the Cterminus in a PP-fold conformation, and a second conformation which shows a dimer
structure in a so called “hand-shake” conformation in which the N-terminus (residues 19) is conformationally undefined. This is the first study that found both dimer and
monomer structures, allowing Nordmann et al. to speculate that these two structures
could be in equilibrium with an intermediate state.

It could be that the dimer

conformation is the one in which NPY is stored, but the monomer structure is important
for receptor binding.27 With discrepancies in the NPY structure, it should be noted that
the PP-fold monomer model has formed the basis of the success of the design of NPY
analogs, also emphasizing that the monomer could be important for receptor binding.27
The dimerization interface then became of interest to further characterize the
structure of NPY.

Spin-labeled NPY analogs and FRET (Förster resonance energy

transfer) studies determined that the NPY dimer can be oriented in either a parallel or an
antiparallel arrangement. FRET was used to circumvent the NMR problem of having to
use larger concentrations than physiological conditions. The FRET studies showed that
the NPY monomer is not oriented in a PP-fold conformation, but rather the N-terminus is
flexible and unstructured.28, 29 CD spectra recorded for NPY at various pHs also revealed
stabilization of structure with increasing pH, but no back-folding occurred to indicate a
PP-fold.21 Since the PP-fold was not found to be prevalent in solution, Haack and co-
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workers investigated the NPY structure in the presence of the Y5 receptor subtype, a
hydrophobic environment. In this environment NPY was postulated that to adopt a PPfold conformation. FRET studies disproved the PP-fold conformation with results not
indicative of the folding back of the N-terminus onto the C-terminus, even at
concentrations as low as 0.25 µM.30 Problems could arise, however, when performing
FRET experiments.

First, since NPY contains five tyrosine residues (Tyr1, Tyr20,

Tyr21, Tyr27, and Tyr36) it is intrinsically fluorescent, however, these signals cannot be
distinguished from one another. Because of this, an artificial fluorescence signal must be
introduced into the NPY sequence, which could compromise the native structure of the
peptide. Second, inappropriate orientation of two fluorescence probes relative to one
another could also influence the energy transfer.29, 30 Therefore, although FRET provided
structural data for NPY, the results need to be confirmed via other experimental means
since previous NMR data has indicated a PP-fold conformation. Also, the N-terminal
structure has yet to be established since previous NMR data only provided a detailed
description of the C-terminus.

Characterization of the N-terminus is still important

because its presence plays a role in receptor selectivity.19,

31, 32

Therefore, the overall

structure of NPY in solution and in contact with its receptors requires further
investigation.

PYY Structure
The solution structure of PYY has been analyzed by CD19,

33

and NMR19,

26, 33

methods to gain a better understanding of how it functions in the biological system and
the structural requirements that may be required for receptor binding and activation. 2D
1

H NMR measurements of porcine PYY (differing two amino acids from human PYY at
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positions 3 and 18) indicate the presence of a helix in the C-terminus of the peptide and a
non-random coil character in the N-terminus.33

The C-terminus contains an α-helix

spanning from residues 15 to 33, with a break in helix structure at residues Val24 and
Arg25. The N-terminus is characterized by a poly-proline helix. The side chains of
residues in the N- and C-terminus (Pro5, Ala7, Tyr20, Val24, His26, Tyr27, Leu30, and
Val31) participate in a hydrophobic interaction, bringing the two termini together. Like
the previously determined aPP structure,4 PYY residues Arg25 – Arg33 are in the helical
conformation with Arg25, Asn29, and Arg33 all exposed to the environment. Like NPY,
PYY also exists as a dimer conformation at higher concentrations; however, the NMR
measurements were collected at concentrations supporting the monomer form
(concentrations below 22 nM)33 allowing for easier structure determination, unlike NPY.
In 3D NMR experiments of human PYY, 23 long-range NOE were found
between seven hydrogen atoms of the helix residues Leu17, Tyr20, Leu24, Tyr27 and
atoms in Pro2, Ile3, Lys4, Pro5, and Ala7 in the N-terminal segment, representing an
overall peptide structure in the classic PP-fold. This PP-fold has a hydrophobic core
comprising of the conserved poly-proline residues Pro2, Pro5, and Pro8, which are
interdigitating with the conserved hydrophobic residues Leu17, Tyr20, Leu24, and Tyr27
along the amphipathic α-helix.26 The two termini are connected via a β-turn region which
is induced by the highly conserved Gly9 residue and includes Pro14.26 Differing slightly
from the 3D NMR results, Keire et al. found that the residues involved in the
hydrophobic interaction between the N- and C-terminus are Pro5, Ala7, Tyr20, Val24,
His26, Tyr27, Leu30, and Val31.33 Keire and co-workers stated that Val24 participated
in the PP-fold; however, position 24 contains a leucine, not a valine, and there was no
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mention of a mutation, therefore, it is suspected that this is mistyped and should in fact be
Leu24. Nygaard found that the amphipathic α-helix is stabilized by a strong dipole
moment that is oriented antiparallel to the α-helix. This dipole moment stabilizes the PPfold and is due to several acidic residues at the N-terminal end of the α-helix, next to the
turn region, and the basic residues located at the C-terminal end. Although this dipole
moment stabilizes the PP-fold type structure, resides located in these regions of the
peptide are interestingly not conserved, though the acidic residues retain the most
conservation.26
It has also been previously postulated that the back-folded peptide is stabilized by
mainly hydrophobic interactions with both intra- and inter-molecular aromatic ring
stacking between the π-systems of residues Tyr7 and Tyr20. This stacking has been
thought to stabilize both the overall rigidity of the molecule as well as the dimer form of
the peptide. However, Lerch et al. showed that pPYY is still back-folded when the
aromatic ring stacking is disrupted by replacing residue Tyr7 with Ala7. Since PYY has
been shown to exist as a monomer in solution19 they concluded that the aromatic ring
stacking is more important to stabilize dimer interactions, with a small emphasis on the
back-folded form.21
It was also speculated that the PYY structure may be pH dependent. Therefore,
Keire and co-workers performed CD spectroscopy of pPYY at various pHs and found
that the structure is pH dependent with marked changes occurring to the structure
between pH 3.3 – 4.0 and less dramatic changes between the 4.0 – 8.4 pH range.33
Contradicting to their findings, Lerch et al. performed pH dependent NMR studies which
indicated very similar structures at both pH 4.2 and pH 5.5, therefore indicating that the
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PP-fold, and the overall solution structure, may not be pH dependent. Nonetheless, since
NMR measurements were performed where there were less dramatic pH effects on the
structure, there is confidence that this structure is very similar to the conformation at
physiological pH.21
Together, the structural data available for PYY has therefore described a stable
PYY monomer present in a PP-fold conformation.

This stable conformation is

speculated to be the same structure that most likely binds to Y receptors, although no
systemic mutagenesis studies have been performed for PYY and no experimental data is
available for the receptor bound ligand. All of these structural studies have extended
what is known of PYY, however, further studies are necessary to confirm the structure of
this peptide when bound to its ligand subtypes.
Receptors of the Pancreatic Polypeptide Family

Characterization of Receptors
The entire class of pancreatic polypeptides are involved in a number of responses
mediated through six receptor subtypes termed Y1, Y2, Y3, Y4, Y5, and y6 (lowercase
indicating non-human origin), with NPY having the greatest binding affinity for each,
except Y4, which has the highest binding affinity for PP.14 PYY has been found to have
more potent affects than NPY in the gastrointestinal tract, mediated through the Y1, Y2,
and Y5 receptor subtypes.3 The y6 receptor is the only receptor that has not been found in
humans although it is present in rabbits and mice.34 These receptors are classified as
rhodopsin-like G-protein coupled receptors (GPCR) which act via pertussis toxinsensitive G-proteins (i.e. Gi and Go) to transmit their signals intracellularly. They share
about 30% sequence homology; particularly, Y1, Y4, and y6 receptors are categorized in
11

the same subfamily because they share at least 50% sequence homology.12, 34 All of these
receptor subtypes contain an extracellular N-terminal domain which is anchored to the
plasma membrane via 7 transmembrane helices (connected by 3 intracellular and 3
extracellular loops) followed by a cytoplasmic C-terminal segment.35 They also contain
one or more N-linked glycosylation sites and at least one cysteine in the cytoplasmic
tail.34 The Y1 receptor contains 384 amino acids and occurs mainly in blood vessels,
cerebral cortex, thalamus and amygdala. It has several effects on vasoconstriction, food
intake and anxiolysis and shows high affinity for NPY and PYY. The Y2 receptor is
composed of 381 amino acids and is located in the sympathetic and parasympathetic
nerve fibres, hippocampus, intestine, and certain blood vessels. This receptor has effects
as a presynaptic receptor and suppresses neurotransmission release and on angiogenesis,
regulation of the circadian rhythm, and memory retention.36 Since the Y3 receptor has
not yet been cloned, the amino acid number is unknown, but it has been found in the
brainstem. The Y4 receptor consists of 375 residues and is localized to peripheral tissues
such as the intestine, colon, heart, and pancreas. This receptor is also called the PPpreferring receptor because it has a pronounced selectivity for PP over NPY and PYY.36
The largest of the Y receptors, the Y5 receptor, is made up of 455 amino acids and unlike
the Y1, Y2, and Y4 receptors, it is rarely found in peripheral tissues. It is mainly located
in the central nervous system and in the hypothalamus. This receptor mainly medicates
the feeding response which has been confirmed in knockout animals and Y5-selective
agonists.36 The y6 subtype contains 371 residues and has not been found to be functional
in humans.36, 37
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Even though the functions, localization and amino acid sequences of these
receptors have been studied, much work is still needed to understand their threedimensional structures and specific conformational arrangements upon ligand binding. It
is also important to understand structural requirements of the ligand for receptor
activation. This information will allow for potent agonists and antagonists to treat the
various diseases and disorders that this peptide family is associated with.

Signaling Pathway
Activation of these receptors can lead to a number of intracellular responses, as
the case with other known GPCRs. For other GPCRs that have been studied, their
corresponding ligands have been shown to interact with the N-terminus and extracellular
domains of the receptor. This is the case for the pancreatic polypeptide family. When
GDP is bound to the α subunit of the heterotrimeric G-protein complex (α, β, γ), it is
inactive. When the ligand (NPY, PYY, or PP) binds to the receptor, a conformational
change is induced giving the G-protein increased affinity for the receptor.

This

conformational change allows rapid release of GDP from its binding site to create an
active G-protein. This activation then leads to a number of intracellularly signaling
cascades.38
In almost every tissue type studied, NPY and PYY have been found to perform
the typical signaling response of the inhibition of adenylyl cyclase, involving both protein
kinase C (PKC) independent and dependent pathways, thus decreasing cAMP (3’,5’cyclic adenosine monophosphate).

Another type of response found to occur is the

alteration of intracellular calcium concentration, which can be increased via the
mobilization of intracellular stores by inositol phosphate dependent and independent
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pathways. NPY can also act directly on calcium channels by either activating (coupled to
phospholipase C) or blocking these channels at the plasma membrane level.
Furthermore, the activation or inhibition of potassium channels can also occur. Although
the aforementioned signaling pathways are the most common, or the most studied NPY
and PYY pathways, there are a number of studies that suggest other signaling pathways.
For example, one study found that NPY could activate phospholipase A2, and another
study showed the stimulation of prostacyclin production in porcine vascular endothelial
cells. NPY has also been found to activate nitric oxide which has been shown to induce
vasodilation of human subcutaneous arties via Y1 stimulation.14, 39 Because of the vast
number of signaling responses in the Y receptor family, it is important to determine
individual receptor activation requirements and their effects in a particular disease or
disorder. This information will become pertinent in drug design which can then lead to
the developments of specific analogs that are both receptor selective and induce a desired
signaling outcome.

Receptor-Ligand Interactions
The binding and interaction dynamics between NPY and PYY and its receptor subtypes
are of utmost importance for physiological function since the signaling transductions
exert vital effects in biological processes. The binding and the interactions between NPY
and PYY with their receptors are still not completely understood; therefore further
characterization of the receptor-ligand binding interaction is important to understand the
necessary requirements for ligand binding and receptor activation.36
It has been previously found using alanine scans that two conserved arginine
residues, at positions 33 and 35, in pNPY are important contact sites of the ligand for
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binding to the Y receptors.34 Merten et al. found that there is a conserved aspartic acid
residue in all pNPY receptors, located on transmembrane helix 6 at position 59, and
numbered this residue Asp6.59 by its transmembrane helix and position; this
nomenclature is carried over to all receptors of the NPY family. Various mutagenesis
studies of the receptors, including the truncation of the N- or C-terminus, were performed
to pin-point the residues that are actively participating in ligand-binding interactions.
Alanine scans for only NPY have been performed to provide exact interaction sites
between this peptide and its receptors. PYY receptor binding has not been extensively
studied; therefore, no specific interaction sites can be described. PYY receptor selectivity
has been studied and is discussed in the next section. Below, the current status of NPY
interaction to the Y receptors is summarized according to the receptor subtype. After
alanine scans of both ligand and the receptor were performed to determine critical
residues for function, a complementary mutagenesis approach was taken to provide
evidence of residues that are direct interacting partners. Y3 and y6 are not discussed
because they have not yet been cloned or found to be active in humans, respectively.

The Y1 receptor. For hNPY to bind to the Y1 receptor, it is essential for its N- and
C-termini of the peptide to be intact. In the N-terminus, when the Tyr residue is deleted,
a 75-fold loss of affinity occurs, and the proline residues at positions 2 and 5 appear to be
important. In the C-terminal end, tyrosine residues and its amidation are both essential
for receptor binding. Also, the residues 27-36 of hNPY play a major role in receptor
binding affinity with arginine at positions 33 and 35 the most important (as only
micromolar affinity was seen after their replacement). In the central portion of hNPY,
arginine at residue 19 and tyrosine at residue 20 proved to be the most important residues
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since their substitution led to about a 1000-fold and 300-fold decrease in binding affinity,
respectively. On the receptor side, Asp6.59 at the end of TM6 (transmembrane 6) and
Arg35 of the ligand are involved in a direct ionic interaction. The roles of several other
residues still remain controversial.34, 36, 40

The Y2 receptor. Unlike ligand binding to the Y1 receptor, it was determined that
only the α-helix portion and the C-terminus of hNPY are required for receptor binding.
The arginine residues at positions 33 and 35 and tyrosine at position 36 again prove to be
extremely important residues of hNPY for receptor binding since their individual amino
acid substitution led to more than a 1000-fold decrease in binding affinity. Position 36 of
the ligand was also found to require an aromatic amino acid to maintain its binding
affinity.36, 40 Although the N-terminus of hNPY does not play a major role in receptor
affinity, only the proline at position 5 has an effect on the binding affinity. For the
receptor, Asp6.59 interacts with Arg33 of hNPY in an ionic interaction and is also found
to play a major role in the ligand/receptor interaction.34, 36, 40

The Y4 receptor. Although hNPY also binds to the Y4 receptor, it is not the major
ligand; the Y4 receptor is the only receptor in this family that has the greatest affinity for
pancreatic polypeptide (PP).36

The N-terminus of hNPY does not contain critical

residues for binding to this receptor; however, Tyr27, Tyr36, Arg33, and Arg35 at the Cterminus are important for receptor interaction, again indicating the importance of these
same residues.36

The Y5 receptor. Unlike the Y1 receptor, N-terminally truncated analogs of hNPY
maintained strong binding affinity with the Y5 receptor. Therefore, it appears that only
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the Y1 receptor subtype is sensitive to N-terminal deletions. The most important residues
of hNPY required to maintain a high binding affinity to this receptor were arginine
residues at positions 23, 33, and 35 and tyrosine residues at positions 27 and 36.
Residues in the central portion and in the N-terminal region all proved to tolerate alanine
substitutions, indicating their unimportance for binding affinity. In contrast to the other
NPY receptors, two direct binding sites were determined between hNPY and the Y5
receptor. Again, Asp6.59 of the Y5 receptor interacts with Arg33 of hNPY. The second
direct interaction was found between Asp2.68 on the receptor with Arg25 of the ligand.36
Complementary mutagenesis indicates that the arginine at position 25 in hNPY interacts
with Asp2.68 mainly through ionic interactions. For only the Y5 receptor, the importance
of residues in PYY was also determined. Like NPY, the important residues of PYY for
binding to this receptor are Arg25, Tyr27, Arg33, Arg35, and Tyr36.

This is not

surprising since these residues are conserved in both peptides.36
Although some of the important residues of NPY pertinent to receptor binding are
known, there have been few studies on PYY’s interaction with the different receptor
subtypes.

Therefore, more information is needed to completely understand these

interactions. This will greatly advance the treatment front, as analogs of these peptides
can be constructed based on their binding affinity and potency.

Towards Understanding Receptor Selectivity
Receptor selectivity is an important topic which requires special attention,
especially in the pancreatic polypeptide family, since this family contains a great number
of receptor subtypes. When designing drugs, it is extremely important to understand how
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one receptor may get activated as opposed to another and what structural features cause a
particular activation and response.
At this point it is important to underline the role of serine protease dipeptidyl
peptidase IV (DPPIV), which is abundant on endothelial and epithelial cells. DPPIV
converts full length NPY and PYY to NPY(3-36) and PYY(3-36), respectively, which are
both Y2-preferring peptides. Therefore, DPPIV works as a “receptor switch” switching
NPY and PYY actions from vasoconstriction and vascular smooth muscle cell
mitogenesis (mediated through Y1 receptors) to angiogenesis (mediated through Y2
receptors).39 Structural studies of PYY(1-36) and NPY(1-36), NPY(3-36) and PYY(336) (which are Y2 selective), and the analogs [Pro34]-NPY and [Pro34]-PYY (which are
Y1 selective) have been described to provide more insight to the structural requirements
of NPY and PYY’s selectivity.19 This knowledge has expanded the necessities of a
particular analog to be both potent and selective, which will be important for every
disease or disorder that NPY or PYY is associated with.
Receptor selectivity has been described previously for both PYY and NPY. It has
been suggested that when removing amino acids from the N-terminus of PYY or NPY or
substituting a glutamine at position 34 to a proline (Q34P) or position 31 to a leucine
(V31L or I31L, respectively) causes a secondary or tertiary structural change in the
peptide that could contribute to receptor selectivity. Therefore, the structure and features
of these different analogs have been studied to further understand the ligand and receptor
requirements for binding to occur, and equally important, for selectivity to occur.
The first peptide described, PYY(3-36) is a naturally occurring Y2 selective
agonist.

Understanding its selectivity is important since this truncation switches
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selectivity to a receptor responsible for angiogenesis, differing from the vasoconstriction
properties of Y1 receptor activation. The structure was studied to further investigate
structural characteristics that are pertinent for binding selectively to this receptor subtype.
Circular dichroism measurements indicated that there is a clear distinction between this
Y2 selective agonist and PYY(1-36), as PYY(1-36) contains 42% helicity and PYY(3-36)
is comprised of only 24% helicity, indicating a great loss in secondary structure. Because
PYY(1-36) is not receptor selective, these CD measurements indicate that receptor
binding could depend on the secondary and tertiary structures of these peptides. NMR
chemical shifts are very sensitive to changes in protein secondary and tertiary structure,
therefore, providing a qualitative measure of structural alterations. NMR data can be
analyzed to observe chemical shifts associated with a random coil conformation (8.098.44 parts per million (ppm)) or a non-random-coil-like conformation (chemical shift
range is between 7.16 and 8.72 ppm). The NMR measurements of PYY(1-36) and
PYY(3-36) performed by Keire and co-workers indicate different amide proton chemical
shifts that are consistent with differing secondary and tertiary structures, supporting
structural differences found with the CD data.19 Previous studies also indicate that the
Y2-selective agonist, PYY(13-36), shares a similar structure to PYY(3-36). Although
these peptides differ in potency for the Y2 receptor, they are both receptor specific and
both truncated from the N-terminus. This again suggests that there is an important
relationship between protein structure and receptor selectivity.32
The synthetic PYY analog, [Pro34]-PYY, has been found to be a Y1 selective
ligand. The CD spectrum of [Pro34]-PYY indicates 31% helicity in the structure, which
is also a decrease compared to native PYY (containing 42% helicity). Like NMR data of
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PYY(3-36), the NMR chemical shifts of [Pro34]-PYY also shows that there is a
difference between the secondary structures of [Pro34]-PYY and native PYY, again
confirming postulations that the secondary and/or tertiary structure does influence Y
receptor binding.19 However, these studies do not confirm structural requirements to
activate one receptor compared to another. They simply confirm that there are structural
differences between these peptides.
Molecular models of PYY(1-36), PYY(3-36) and [Pro34]-PYY indicate that the
structural element that may allow the ligand to bind to the Y1 receptor could be the
juxtaposition of the N- and C-termini, as shown in the PP-fold conformation. The
removal of the two N-terminal amino acids to make PYY(3-36) eliminates the
juxtaposition between the N- and C-termini, thus greatly reducing its binding affinity for
the Y1 receptor. For Y2 receptor binding, the selective element could be the C-terminal
helix as [Pro34]-PYY disrupts the C-terminal helix and thus causes loss of binding
affinity for the Y2 receptor. Because PYY contains both of these structural elements this
may be the reason it is capable of binding potently to both the Y1 and Y2 receptor
subtypes.19
It has also been previously suggested that the glutamine at position 34 and the
proline at position 34 of NPY and PP, respectively, influences the major structural
element that determines receptor subtype specificity.41 To test this hypothesis, an analog
hybrid of these two peptides was produced which combined the C-terminal hexapeptide
of PP with the PP-fold of NPY, called [Leu31, Pro34]-NPY.41 The structure of [Leu31,
Pro34]-NPY, was determined via NMR and molecular modeling to further characterize
structural specifications for Y1 receptor binding. As stated previously, the presence of a
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proline in position 34 does not alter Y1 receptor binding, but it does however prevent the
binding to the Y2 receptor.

When comparing the variation of chemical shifts as a

function of temperature from the NMR data for [Leu31, Pro34]-NPY and NPY(13-36) (a
Y2 selective agonist), the only significant difference between the two analogs is in the Cterminal region at positions 30, 31, 32, and 36. All other regions presented nearly
identical chemical shift values, indicating very similar structures.

According to the

chemical shifts of [Leu31, Pro34]-NPY, a strong helical segment exists between residues
15 and 21, a probable helical structure spans residues 13 to 26, and the N- and C-termini
(residues 1-12 and 27-36, respectively) are disordered. Although the central portion
(residues 13-26) of NPY(13-36) is less helical than the central portion of [Leu31, Pro34]NPY, the C-terminal segment (residues 30-36) of [Leu31, Pro34]-NPY is less helical.
Long-range connectivities were identified for [Leu31, Pro34]-NPY which arise because
the folding of the peptide chain brings the N- and C-terminal segments together. This
long-range connectivity pattern is very similar to that of native NPY under the same
conditions. Molecular modeling results showed strong structural homology between
[Leu31, Pro34]-NPY and native NPY with a backbone root-mean-square distance
deviation (RMSD) of 0.25 nm. Both of the peptides were characterized by a hairpin
shape consisting of a fairly linear N-terminus (residues 1-12), a wide loop (residues 1317), a helical segment (residues 18-30), and a C-terminal turn structure (residues 31-36).
The main difference in these structures is the C-terminal segment which can be explained
by the replacement of a glutamine for a proline at position 34.31
By analyzing structural differences in native NPY, NPY(13-36), and [Leu31,
Pro34]-NPY some conclusions can be drawn about the conformational requirements for
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the binding of analogs to the Y1 and Y2 receptor subtypes. First, the central portions of
both NPY(13-36) and [Leu31, Pro34]-NPY are nearly identical, indicating that this
region is unlikely to be involved in the receptor selectivity for binding, consistent with
the fact that centrally truncated NPY analogs have been found to be active.31 Second, the
receptor subtype Y1 binds to both native NPY and [Leu31, Pro34]-NPY which have a
common N-terminal structure but differ slightly in their C-terminal segments, indicating
that the Y1 receptor could be specific to the N-terminal conformation but also require a
C-terminal end. Lastly, the Y2 receptor, which binds NPY and NPY(13-36) necessitates
only the C-terminal segment of the ligand with a conformation resembling the native
peptide.31 Although the C-terminus has been well characterized by NMR, information
about the structure of the N-terminus still remains scarce; therefore, the N-terminus will
have to be further studied to obtain a true picture of NPY’s overall structure.
Aside from studying the agonistic activity of various peptides, it is equally
important to understand antagonistic properties of ligands.

This can also provide

evidence to the importance of how the structure influences a certain binding affinity and
receptor activation. One such peptide antagonist is T32Wd-NPY in which the threonine
at position 32 is mutated to the D-isomer of tryptophan. It has been previously found that
D-Trp imparts antagonistic activity in other small peptides; therefore, this isomer of
tryptophan was studied at positions 32, 34, and 36 of NPY. These results indicated that
only T32Wd-NPY possessed antagonistic activity in the hypothalamus at the Y1 receptor
in a dose-dependent manner with concentrations in the nanomolar range. Since the
substitution at only position 32 provided antagonistic activity, this position was also
substituted with L-Trp and the D-aromatic amino acids D-Phe and 2-D-Nal (2-D-
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naphthylalanine), a Trp mimicking residue, to study the importance of this position. All
of these peptides showed agonistic activity, suggesting strict structural requirements to
provide antagonistic properties.

Therefore, structural changes induced by this single

amino acid substitution at position 32 were investigated with conformational models
based on the X-ray structure of avian PP. This model suggested a type II β-turn could
form at that position causing the C-terminus to fold back over the PP-fold instead of
extend away from the helix, as it does in the avian PP crystal structure. It is suggested
that this disruption of the C-terminal segment could be responsible for the loss of
agonistic activity to generate a potent antagonist.42

With the binding properties of

T32Wd-NPY understood, it is important to further expand on the structure of this peptide
and structural features that induce such a potent antagonist.
These structural analog studies provide an important aspect of the requirements of
the ligand to bind to a particular Y receptor subtype. Although these studies offer hints
as to which portion of the ligand is important for receptor selectivity, they do not supply
the full picture. The Y5 receptor also needs to be structurally characterized to determine
what allows ligands to be Y5 selective, as it is a major player in some diseases. Although
NMR does provide information about the most stable structure of a particular peptide, it
is necessary to understand the structure-activity-relationship to provide a correlation with
its activity in the biological system. It is crucial to understand why one ligand may be
more selective to a particular receptor because this information can be utilized in drug
development for the treatment of many diseases and disorders.
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Membrane and NPY Interaction
Before a ligand binds to its receptors to transmit its signal intracellularly, it is
speculated that they interact with the plasma membrane first. It is still not clear how
NPY and PYY locate their receptors before binding to them. It is speculated that NPY
and PYY could stay in solution and, upon finding the receptor, bind to and activate it, or
these ligands could travel through the aqueous environment and contact the membrane of
the cell, where it could remain until it finds its receptor. These two different pathways
have their implications; the sequence of these neuropeptides and their adopted
conformation will affect the membrane retention time and dynamics. The interaction
dynamics and this ligand-membrane interaction could provide great insight to advance
the treatment of their related human diseases.
In 2005, Lars Thomas43 and his co-workers characterized the pNPY membrane
interactions with TOAC (2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic
acid) labeled derivatives. By attaching this electron paramagnetic resonance (EPR) spin
label to the 2nd, 32nd, and 34th positions of the pNPY backbone, they were able to
conclude that pNPY has a stronger affinity to negatively charged phosphatidylserine (PS)
than to zwitterionic phosphatidylcholine (PC) membranes.43 The C-terminus of pNPY is
rigid upon membrane binding, whereas, the N-terminus, although also adheres to the
membrane, is highly flexible.

As the TOAC label penetrates the membrane, the

phospholipid nuclear magnetic resonance (NMR) relaxation rate increases. Based on this
relaxation rate, the authors could resolve the location of the spin labels when they were
associated with the membrane. They concluded that the N-terminus of pNPY was close
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to the phosphatidyl group of the membrane lipid and the C-terminal 32nd and 34th
residues penetrated much deeper below the head groups of the membrane lipid.43
Because of the amphiphilic nature of the α-helix of NPY, it is logical to propose
that the α-helix facilitates the lipid membrane interaction. To test this hypothesis, Dyck
and Lösche44 broke the α-helix by mutating Tyr20 to Pro (Y20P-NPY) and compared this
mutant to the native hNPY using a film balance technique. This study suggested that the
hNPY/membrane interaction is stabilized by electrostatic interactions since the positive
charge

of

hNPY

is

able

to

make

strong

dimyristoylphosphatidylserine (DMPS) monolayer.

contacts

with

the

anionic

Because the Y20P-NPY mutant

shows similar results as the wild type hNPY, researchers inferred that the α-helix does
not specifically affect the membrane association of hNPY.44 With the aid of infrared
reflection absorption spectroscopy (IRRAS), Dyck was also able to conclude that hNPY
interacts substantially stronger with DMPS than with dipalmitoylphosphotidylcholine
(DPPC) membranes, in agreement with Thomas et al..43

At the water/membrane

interface, hNPY incorporates an α-helical structure and is oriented coplanar with the
water surface.44
It is clear from the above studies that NPY does in fact interact with the
membrane; however, the interaction dynamics are still unknown.

Although much

progress has been made to determine the secondary structures upon membrane binding,
the structures still need to be further characterized and confirmed. For example, the
positions of the N- and C-termini described by Thomas43 using TOAC spin label have
some uncertainties. According to the authors, this label is a strong β-sheet and 310/αhelix stabilizer,43 but the actual effect of this label to the structure is unknown.
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Moreover, the interaction between this label and the membrane and the interaction
between the native NPY with the membrane are certainly different. Bader28 proposed
that NPY first binds to the membrane and then diffuses laterally in a two dimensional
fashion until it finds its receptors, suggesting that the membrane association prior to the
receptor binding is essential for efficient signal transduction.28 Nonetheless, it is still
important to fully characterize NPY and PYY before interaction with the cell or receptor
as well as the structural dynamics during their interaction. Until the entire picture is
understood, designing analogs to treat human disease will continue to remain
challenging.

Implications in Human Disease

Cancer
The NPY peptide and its receptors have also been found to be involved in specific
steps of cancer progression, such as cell proliferation, matrix invasion, metastatization,
and angiogenesis. The peptide has also been found to be expressed in tumors, such as
those of the neural crest, breast, prostate, and pancreas. Cell proliferation properties of
NPY have been found in different cell systems and appear to be mediated mainly through
the Y1 receptor subtype, which is involved in the proliferation of vascular smooth muscle,
endothelial cells, hepatic stellate cells, neural cells, and injured glial cells.39
Radiolabeling studies have shown that tumors, including breast carcinomas,
Ewing’s sarcoma family of tumors, pheochromocytoma, and prostate cancer, contain upregulation of the Y1 receptor almost homogeneously. The Y2 receptor was only found in
few cancerous tissues and never expressed alone, without the Y2 subtype.39, 45 If a tumor
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expresses a peptide’s receptors in high amounts, regulatory peptides can be of therapeutic
and diagnostic relevance. Many tumors are targeted via radiotherapeutic targeting of
receptor-expressing tumors by using high doses of these radiolabeled peptides.
Therefore, since NPY and Y1 receptor overexpression is found in a variety of carcinomas,
the development of NPY drugs for tumor targeting has become an important area of
research.45, 46 Several studies conducted on children with stage IV neuroblastoma and
with bone marrow metastases showed that there was a significant correlation between
NPY expression and early recurrence of the disease. Hence, in carcinomas with the same
properties, NPY could be a strong biomarker of an unfavorable prognosis. Also, since
NPY is the most potent orexigenic compound known, it could prove pertinent in appetite
gain in patients with advanced cancer progression who show noxious symptoms.39 With
the proof that NPY and its Y1 receptor are up regulated in certain tumor tissue, further
research can be conducted targeting this NPY/Y1 system for the treatment of these
diseases.
Since NPY’s Y1 receptor is prevalent in many tumor types.45 and there has been
successful development of somatostatin analogs to visualize various conditions known to
express a high number of somatostatin receptors,47 there is hope that NPY analogs could
be utilized to visualize tumors (via in vivo diagnostic scintigraphy) and therapeutically
treat tumors (via radiolabeled analogs). With some analogs already developed and the
knowledge of their receptor selectivity, NPY holds a promising future in cancer
research.39

27

Cardiac Diseases
NPY has emerged as a possible therapeutic target in cardiac diseases because of
its presence in most of the vascular tree and its influence on cardiovascular control. NPY
is the most abundant peptide in the heart and is stored in large dense-cored synaptic
vesicles. Its greatest concentrations are in the atria and it was first found in intramural
nerves in close association with coronary blood vessels and muscles.

NPY is also

expressed in right ventricular endocardial endothelial cells which are able to secrete NPY
in response to an increase in intracellular calcium. NPY acts post-junctionally on smooth
muscle cells and can potentiate the effects of vasoconstricting agents by itself or in
conjunction with other neurotransmitters, such as norepinephrine. NPY has also been
found to potentiate the effects of various mediators on vascular tone, with altered
expression of neurotransmitter release occurring in a number of cardiac disease
conditions. This peptide can also act pre-junctionally as a modulator of transmitter
release. When released, NPY can decrease coronary blood flow and cardiac output, and
it has recently been found to have inotropic and chronotropic effects, in addition to a
potential mitogen for endothelial cells and vascular smooth muscle cells. NPY can also
produce endothelial cell proliferation and differentiation into capillaries with potency
similar to the angiogenic factor, vascular endothelial growth factor (VEGF).

For

example, in both myocardial infarction and left ventricular hypertrophy (LVH) there is an
increase of NPY concentration. Evidence indicates that considerable remodeling of the
heart is induced by different cardiac diseases and is associated with elevated local
concentrations of NPY.48
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To exert its responses in the cardiac system, NPY interacts with the Y1, Y2, and
Y5 receptors, as they are the main receptor subtypes found in the heart. Results from
radioligand binding assays and in vitro bioassays show support for a single population of
Y1 receptors in the majority of vascular beds which are responsible for the post-synaptic
vasoconstrictor effect of NPY on coronary blood vessels. Y1 knock-out mice indicate
both the vasoconstrictor actions of NPY and the elimination of NPY which enhances
norepinephrine-induced blood vessel constriction. Administration of Y1 antagonists have
shown attenuation of increased blood pressure and elevated contractile magnitude in
cardiomyocytes. Y2 receptors, however, are found in greater quantity than Y1 receptors
and are mainly located on the pre-synaptic nerves which are involved in NPY’s action to
inhibit neurotransmitter release. These receptors are also found post-junctionally on a
variety of cell types including endothelial cells and cardiomyocytes.

As previously

stated, the pro-angiogentic effect of NPY is mediated through the Y2 receptor subtype. In
Y2 receptor knock-out mice models there was no induction of angiogenesis and a
decrease in NPY-induced aortic sprouting and capillary formation. In addition, the Y5
receptor contains the most mRNA expression in ventricular cardiomyocytes compared to
both Y1 and Y2 receptor subtypes, therefore, it is postulated that this receptor could
represent a novel therapeutic target for drug design, although no data is presently
available for this receptors correlation in the heart.48
Polymorphisms related to NPY have also shown to be identified in a number of
cardiac diseases. A gene polymorphism has been recognized in which a leucine is
substituted for a proline at position 7 (L7P) in the signal component of preproNPY. It is
postulated that this substitution is associated with altered synthesis, intracellular
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processing and secretion of mature NPY. Healthy patients with this polymorphism have
lower plasma NPY concentrations at rest, but have higher stress-induced levels of
sympathetic activity. These higher stress-induced levels could be associated with an
increased risk of cardiovascular disease as is a major characteristic of patients with
hypertension, congestive heart failure, and other cardiac diseases.48
NPY’s role in various processes in the heart that could contribute to cardiac
disease is becoming more apparent. Because of its potent vasoconstrictive actions, NPY
has been considered a gene candidate for myocardial infarction. It also appears that
altered secreted levels of NPY due to L7P polymorphism could contribute to these
disease states. NPY may play a regulatory role in the maintenance of cardiac contraction,
remodeling of the myocardial tissue that has been subjected to stress imposed by
ischemic conditions, and the promotion of angiogenesis to renew myocardium after
ischemic injury. Although it is known that NPY plays a role in many cardiac disease
states, unraveling the complexity of its actions remains to be a challenge.

Gastrointestinal Diseases
NPY and PYY are also both located in the gastrointestinal system. NPY is
located in the central and peripheral neurons of the gut, and PYY is localized to the
endocrine cells of the intestine, with greatest concentrations in the terminal ileum, the
colon, and the rectum. PYY is five- to tenfold more potent than NPY in the GI tract and
is therefore considered a “true” gastrointestinal hormone.

Both of these peptides,

however, inhibit gut motility, acid secretions, pancreatic exocrine secretions, and gastric
emptying. PYY has also been found to promote intestinal growth in normal rats. In
numerous gastrointestinal diseases, both of these peptides work to balance the outflow of
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electrolytes and fluids and also control the inflammatory response in different disease
states. NPY and PYY thus have the same effects in the gastrointestinal system, but NPY
is much less potent.3
PYY and NPY are released after a meal is ingested inhibiting the secretion of
gastric acid and pepsin. Gastric emptying is then slowed by the inhibition of nutrients
transported to the small intestine. Because jejuna and colonic motility are decreased,
NPY and PYY are contributors to the “ileal brake” that is observed in the gastrointestinal
tract after fat ingestion.3
In the gastrointestinal tract, PYY and NPY exert their actions through the Y1, Y2,
and Y5 receptor subtypes. Because of NPY and PYY’s large array of effects in the GI
tract, analogs of these peptides have been studied for their potential protective effects of
gastrointestinal diseases such as inflammatory bowel disease, short bowel syndrome,
malabsorption, and acute pancreatitis. The loss of intestinal fluid and electrolytes in
some of these diseases produces the necessity of agents that would protect the intestine
by increasing gastric absorption. For example, it was found that when the Y1 receptor
agonist, [Leu31,Pro34]-NPY, was administered, gastric lesion formation and gastric
secretion that contributes to mucosal injury were reduced, and its affects were more
potent than native NPY. Also, PYY infusion was shown to dose-dependently increase
water and electrolyte absorption in the jejunum and ileum in animal models representing
short bowel syndrome. Patients with this syndrome possessed lower levels of PYY,
which could increase the rapid gastric emptying seen in these patients.3 Again, it will be
important to further expand on the effects of the different receptor subtype activation in
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the gastrointestinal tract. This knowledge will again be important for the construction of
PYY and NPY selective analogs.

Obesity
With obesity levels on the rise, it is extremely necessary to determine effective
therapeutic approaches to put a halt to this deadly disease. Not only does obesity reduce
life expectancy, it is also a strong risk factor for stroke, diabetes, sleep apnea, liver
disease, various cancers, and depression, placing a huge burden on healthcare systems.
Almost two decades ago, it was shown that NPY had a strong orexigenic response when
injected into the hypothalamus in both satiated and fasted rodents. Chronic injection of
NPY into the hypothalamus regions led to hyperphagia, obesity, and hyperinsulinemia,
indicating that NPY is more than just a short-term appetite inducing signal. Furthermore,
NPY plays a role in energy expenditure by acting as an anti-lipolytic agent leading to
reduced fatty acid oxidation, stimulation of lipid accumulation, and stimulation of fatty
acid synthesis. Currently, the ability to treat obesity pharmacologically is limited first,
because targeting a single NPY receptor may not give significant body weight reduction
and second, since NPY and its receptors are involved in a number of diseases, acceptable
therapeutics remains to be established.49
Studies have shown that the Y1 and Y5 receptor subtypes are the major receptors
involved in obesity and energy homeostasis. Ironically, the genes for these receptors are
adjacent to one another and their promoter sequences overlap, causing some researchers
to postulate their joint involvement in other physiological signals. Both [Pro34]-NPY
and [Leu31, Pro34]-rNPY (Y1 selective agonists) have shown a dose-dependent
responses in increasing food intake after their injection in the hindbrain of rats,

32

demonstrating that this area, as well as the hypothalamus, is involved in the feeding
response.

Y1 receptor knock-out mice, however, demonstrated reduction in fasting

induced refeeding and developed hypophagia, while another line of mice showed no
change in feeding. Thus, there must be another receptor mediating the actions of NPY.
Several agonist studies, such as [D-Trp34]-NPY and [Ala31, Aib32]-pNPY, as well as Y5
knock-out studies have also indicated the Y5 receptor as having a role in food intake.
Other results indicate that one receptor may compensate the loss of the other, as seen in
knock-out studies involving either Y1 or Y5 and ob/ob mice49 (leptin-mutant mice).50
Unfortunately, there have been no Y1/Y5 double knock-out mutants or successful Y1 or
Y5 antagonist studies to ensure the entirety of these receptors in their role in the feeding
response.49

Epilepsy
A growing collection of evidence suggests that neuroactive peptides, including
NPY, are intimately involved in the pathophysiology and control of seizure activity.
Current medications available, called antiepileptic drugs (AEDs), only inhibit seizures,
but none have shown the ability to prevent or reverse epileptogenesis. Also, many of the
AEDs have psychological side effects such as bone disease and impairment of sexual
function and fertility; therefore, current epilepsy treatment methods have left much room
for improvement.
Studies examining NPY’s role in epilepsy have focused on the brain regions that
are involved in the pathophysiology of seizures, such as the hippocampus and some
cortical areas. Radioligand binding and in situ hybridization studies have shown that the
most abundant receptors expressed in the CNS, particularly the hippocampus and
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hypothalamus, are of the Y1, Y2, and Y5 subtypes, with Y1 located mostly
postsynaptically and Y2 located mostly presynapically. NPY expression and release has
been shown to be considerably up-regulated in the brain areas undergoing seizure
activity.

In a rat model of temporal lobe epilepsy, the release of NPY from nerve

terminals was found to reduce glutamate release from those same terminals by activation
of Y2 receptors. Interestingly, the levels of Y1 mRNA were down-regulated in areas
experiencing seizure. Also, temporary up-regulation of Y5 receptors was seen after
kainic acid-induced seizures. Because of the down-regulation of Y1 receptors and the upregulation of both Y2 and Y5 receptors, it has been postulated that this could be an
adaptive mechanism to dampen the initiation and spread of further epileptic activity.
This could be the case since epilepsy occurs due to alterations in neuronal excitability and
defects in the organization of neuronal networks; therefore, groups of neurons and
neurotransmitters are involved in epileptic seizures. Because of several disagreeing
results, the contribution of NPY to epileptic seizures is not completely understood,
requiring further research to determine if NPY and NPY receptors could be beneficiary in
treating and preventing epileptogenesis.9
It is obvious that NPY and PYY play roles in several physiological processes.
However, because of the great number of Y receptor subtypes and their various
involvements with individual diseases, complexity still remains in unraveling the
complete involvement of these ligands. Obviously, receptor selectivity will be of great
importance as analogs are constructed to treat some of these diseases via the pancreatic
polypeptide family’s receptors. As structure provides a specific function to a protein, the
structure dynamics of NPY and PYY in receptor binding will hold a great deal of
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information as analogs of these ligands must be potent activators of a specific Y receptor.
Together, this information will tell the story of how the pancreatic polypeptide family
functions in such a wide variety of human diseases and disorders.

Conclusions
The pancreatic polypeptide family of peptides proves to be a very complex family
which is involved in numerous diseases and disorders.

Although structural studies

describe some of the basic features of these peptides, more studies are needed to fully
understand how their structures really influence their functional roles in the physiological
system. As more studies are conducted to further describe these peptides, the treatment
front of many disease states can be expedited.
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CHAPTER TWO
Materials and Methods

Peptide Sequences and Sources
The peptides for this research were all purchased and stored in the freezer until
used. Native human NPY (YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRYNH2), T32Wd NPY (YPSKPDNPGEDAPAEDMARYYSALRHYINLIWdRQRY-NH2)
native human PYY (YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-NH2),
Y21W human PYY (YPIKPEAPGEDASPEELNRYWASLRHYLNLVTRQRY-NH2),
human PYY(3-36) (IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-NH2), and
Y19W PYY(3-36) (IKPEAPGEDASPEELNRYWASLRHYLNLVTRQRY-NH2) were
all purchased from GenScript Corporation (Piscataway, NJ) and were greater than 95%
pure. Y21W human NPY (YPSKPDNPGEDAPAEDMARYWSALRHYINLITRQRYNH2) was purchased from California Peptide Research, Inc. (Napa, CA) and was also
greater than 95% pure.

Structure Formation Mechanisms of Human NPY and Analogs

Thermodynamic and Structural Studies

Circular dichroism spectroscopy.

Temperature dependent far UV circular

dichroism (CD) measurements were performed with a Jasco 815 spectropolarimeter
(Tokyo, Japan) for human NPY, Y21W NPY, and T32Wd NPY at 53 µM, 67 µM, and
158 µM, respectively in 20 mM acetate buffer, 100 mM NaCl, pH 3.2. The spectra of
each peptide were measured from 266 to 360 K. To obtain the melting curve, the
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wavelength was fixed at 220 nm. Thermodynamic parameters were obtained by fitting
the melting curve from far UV CD with a two-state equilibrium model using the EXAM
program.51 Based on a conservative estimate, the error in the fitting process is found to be
about 5%.

The error observed here is in the similar range as found in previous

analyses.52-54

Fourier transform infrared spectroscopy.

Fourier transform infrared (FITR)

spectroscopy was performed at 298 K on ~600 µM human NPY, Y21W NPY, and
T32Wd NPY in 20 mM acetate buffer, 100 mM NaCl pH 3.2, respectively. The samples
were measured with a Thermo Nicolet Nexus 670 FT-IR equipped with a XT-KBr
beamsplitter and DTGS KBr detector. All samples were placed between two CaF2
windows with a 15 µm Teflon spacer to obtain a detectable spectrum in the amide I band
region. Measurements were collected from 400 to 4000 cm-1 with 5000 scans and a
resolution of 1.0 cm-1. The FTIR was also performed for the acetate buffer which was
then interactively subtracted from the individual peptide spectra using the OMNIC
software (Thermo Electron Corporation). Data analysis was performed with OMNIC
software (Thermo Electron Corporation) utilizing Fourier self deconvolution (FSD) and
curve fitting procedures using least square fits with Gaussian profiles.

Temperature dependent fluorescence spectroscopy.

Temperature dependent

fluorescence spectroscopy was performed with a Horiba Jobin Yvon Fluorolog (Edison,
NJ, USA) fluorimeter. N-acetyl-L-tryptophanamide (NATA), Y21W NPY, and T32Wd
NPY were all dissolved in 20 mM acetate buffer, 100 mM NaCl, pH 3.2, respectively.
The fluorescence emission profile for each sample was measured from -5 to 90 °C, in 5
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°C increments and allowed to equilibrate at each temperature for 5 minutes.

The

tryptophan in each of the samples was excited at 280 nm and their emission profiles
measured were from 285 to 500 nm with an integration time of 1.0 seconds. The buffer
was also measured under that same conditions and subtracted from each spectra to obtain
the emission profile for NATA, Y21W NPY, and T32Wd NPY alone. The fluorescence
measurements were performed in triplicate and concentration normalized to 40 µM. The
temperature dependent emission peaks for each of the samples were integrated from 285
to 500 nm to determine the integrated fluorescence intensity as a function of temperature.
The integrated fluorescence intensity of the two peptides, Y21W NPY and T32Wd NPY,
were normalized with NATA to compare the protected form of tryptophan with
tryptophan in the peptide sequence.

Helix-Coil Kinetics of Y21W NPY

Laser temperature jump spectroscopy.

The kinetics of human NPY was

monitored with Y21W NPY which was equipped with an intrinsic fluorescent probe to
allow the folding/unfolding transition to be monitored. Temperature jumps of 10 to 20 K
were generated by absorption of a near-infrared laser pulse (1.54 µm) by the aqueous
solution. The time dependence of fluorescence intensity was monitored to measure the
kinetics. Tryptophan was excited using a continuous ultraviolet probe beam (280 nm)
and the emitted light was monitored using band-pass filters which transmitted
wavelengths from 320 to 400 nm. The kinetic experiments were carried out in a 0.05 x
1.0 cm fluorescence cuvette at concentrations of ~22 µM. The basic approach for the
experiment is to use a Q-switched Nd:YAG laser (1064 nm) which has been Raman
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shifted in methane to a wavelength of 1.54 µM to produce the temperature jump, a
continuous ultraviolet probe beam to excite the tryptophan fluorescence, and a
photomultiplier and transient digitizer to record the emitted light.52, 55

Membrane Translocation of Neuropeptide Y

Parallel Artificial Membrane Permeation Assay (PAMPA)

Material. Egg yolk phosphatidylcholine (lecithin; L-α-phosphatidylcholine; EPC)
and 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti
Polar Lipids (Alabaster, AL).

The protected amino acid, NAYA (N-acetyl-L-

tyrosinamide), 1,9-decadiene, brilliant cresyl blue, and lucifer yellow were purchased
from Sigma (St. Louis, MO). Hydrophobic filter plates, PCTE membranes with 0.45 µm
pore size, were purchased from Millipore Corporation (Billerica, MA).

Translocation of N-acetyl-L-tyrosinamide.

The PAMPA method has been

previously published.56-62 The protected aromatic amino acid NAYA was prepared at
~600 and ~300 μM in both 20 mM sodium acetate buffer, pH 4.8 and 20 mM sodium
phosphate buffer, pH 7.2. Lipid solutions (5% w/v) of EPC and DOPC were prepared in
1,9-decadiene.

Sonication was applied to EPC and DOPC to ensure complete

dissolution. A 96-well receiver microplate (acceptor compartment) was filled with 280
μL of the corresponding buffer, and the PVDF filter plate (donor compartment) was fused
on the buffer-filled acceptor plate. The entire experiment was carried out at both 36 ± 1
⁰C and 22 ± 1 ⁰C. For the higher temperature, the filter plate had to be modified to
reduce condensation that would form on the underside of the filter between the individual
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wells. Because the condensation proved to be problematic this empty space was filled
with 140 µL of wax which could withstand the higher temperature. The experiments
were carried out in closed systems which were lined with wet paper towels to prevent
evaporation. The temperature of 36 ± 1 ⁰C was maintained throughout the experiment by
insulating the system with sand and aluminum foil and heated continuously with a hot
plate. The lipid solutions (5 μL) were carefully added onto the filter surface avoiding
pipette tip contact with the filter. Immediately after, the NAYA (150 μL per each well)
was applied to the filter plate. Samples and lipid were pipetted on every three hours for a
total of 30 hours. Three filters were inoculated with lipid and peptide solution at each
time point. The membrane integrity was tested with Lucifer yellow and Cresyl blue as
described previously.59,

62

The termination of the experiment was completed by

separating the donor and acceptor compartments. The fluorescence intensity of each
acceptor well was monitored with a Fluorolog (Horiba Jobin Yvon Inc., Edison, NJ) with
the excitation wavelength set to the maximum absorption wavelength of NAYA. The
fluorescence intensity was integrated for each emission spectrum and plotted against
time.

Y21W NPY translocation. After the protected NAYA indicated confirmation of
translocation and correct experimental design, the translocation of human NPY was
examined utilizing the previously tested methods described above. The lipid (EPC) was
prepared at 5% w/v in 1,9-decadiene. Y21W NPY was prepared at ~55 µM in 20 mM
phosphate buffer, 100 mM NaCl, pH 3.2. The acceptor compartments were filled with
280 µL of 20 mM phosphate buffer, 100 mM NaCl, pH 3.2. The lipid (5 µL), followed
immediately by 150 µL of Y21W NPY, were pipetted on every three hours for 30 hours.
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Three filters were inoculated with lipid and peptide solution at each time point. The
membrane integrity was tested with Lucifer yellow and Cresyl blue as described
previously. Brilliant cresyl blue will always translocate the filter and lipid; therefore, the
presence of a blue color appears in the acceptor wells of the control. Lucifer yellow acts
as the negative control because it will not translocate the membrane. The experiment was
terminated at 30 hours by separating the donor and acceptor compartments.

The entire

experiment was carried out at 36 ± 1 °C to mimic physiological temperature.

Y21W NPY translocation analysis. After termination, the fluorescence intensity
of the translocated Y21W NPY (in the acceptor compartment) was measured with a
Fluorolog (Horiba Jobin Yvon Inc., Edison, NJ) with the excitation wavelength set to 280
nm. The emission spectrum of each well was recorded from 290 to 500 nm with an
integration time of 0.1 seconds. The fluorescence intensity was integrated for each
emission spectrum and plotted against time to provide quantification of translocation.
The absorption spectra of the translocated Y21W NPY were also measured for each time
point. The concentration of each time point was calculated using the Beer-Lambert law
(A = εcl), the absorption at 280 nm, and Y21W NPY’s molar extinction coefficient (ε =
7535 M-1cm-1).

The concentration was plotted against time to provide further

quantification of Y21W NPY translocation.
Characterization of the Neuropeptide Y Family of Receptors

Modeling of the Y1, Y2, and Y5 Receptor Subtypes
The structures of the Y1, Y2, and Y5 receptor subtypes were modeling using the
hierarchical protein structure modeling approach called I-TASSER (Molecular
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Simulations Inc., San Diego, CA), which is based on the interactive implementation of
the Threading ASSEmbly Refinement (TASSER) program.63,

64

The NCBI reference

sequences for the Y1 (NP_000900.1), Y2 (NP_000901.1), and Y5 (NP_006165.1)
receptors were utilized. The first stage identifies evolutionary relatives threaded through
a representative PDB (Protein Data Bank) library by position-specific iterated BLAST
(PSI-BLAST). The top templates found from the BLAST are then used to assemble
structural conformations of the sections that aligned well and the unaligned segments
(loops and turns) are built with ab initio modeling. A reduced model is then adopted to
represent the protein chain, with each residue described by its Cα atoms and the sidechain centers of mass. The fragment assembly process is conducted by a modified
replica-exchange Monte Carlo simulation technique.65 The conformations generated in
the low temperature replicas during the refinement simulation are clustered by
SPICKER66 to identify low free-energy states.

Cluster centroids are obtained by

averaging the three dimensional coordinates of all the clustered structural decoys. The ITASSER structure reassembly is reclustered in the first round of the simulation. External
constraints are pooled from the LOMETS threading alignments and the similar structures
from the PDB, as identified by TM-align.67 The lowest energy structure is selected and
an all-atom model from the Cα traces is constructed by REMO.68

Structure Formation Mechanisms of Human PYY and Analogs

Thermodynamic and Structural Studies

Circular dichroism spectroscopy.

Temperature dependent far UV circular

dichroism (CD) measurements were performed with a Jasco 815 spectropolarimeter
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(Tokyo, Japan) for human PYY, Y21W PYY, PYY(3-36), and Y19W PYY(3-36) at 150
µM, 181µM, and 162 µM, and 156 µM, respectively in 20 mM acetate buffer, pH 4.6.
The spectra of each peptide were measured from 266 to 360 K. To obtain the melting
curve, the wavelength was fixed to 222 nm. Thermodynamic properties for each peptide
were obtained by fitting their corresponding melting curves from far UV CD with a twostate equilibrium model using the EXAM program.51 Based on a conservative estimate,
the error in the fitting process is found to be about 5% and is in a similar range as found
in previous analyses.52-54

Fourier transform infrared spectroscopy.

Fourier transform infrared (FITR)

spectroscopy was performed at 298 K on ~500 µM human PYY, Y21W PYY, PYY(336), and Y19W PYY(3-36) in 20 mM acetate buffer, pH 4.6, respectively. The samples
were measured with a Thermo Nicolet Nexus 670 FT-IR equipped with a XT-KBr
beamsplitter and DTGS KBr detector.

All samples were placed between two CaF2

windows with a 15 µm Teflon spacer to obtain a detectable spectrum in the amide I band
region. Measurements were collected from 400 to 4000 cm-1 with 5000 scans and a
resolution of 1.0 cm-1. The FTIR was also performed for the acetate buffer which was
then interactively subtracted from the peptide spectra using the OMNIC software
(Thermo Electron Corporation). Data analysis was performed with OMNIC software
(Thermo Electron Corporation) utilizing Fourier self deconvolution (FSD) and curve
fitting procedures using least square fits with Gaussian profiles.

Temperature dependent fluorescence spectroscopy.

Temperature dependent

fluorescence spectroscopy was performed with a Horiba Jobin Yvon Fluorolog (Edison,
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NJ, USA) fluorimeter. N-acetyl-L-tryptophanamide (NATA), Y21W PYY, and Y19W
PYY(3-36) were all dissolved in 20 mM acetate buffer, pH 4.6, respectively. The
fluorescence emission profile for each sample was measured from -5 to 90 °C, in 5 °C
increments and allowed to equilibrate at each temperature for 5 minutes. The tryptophan
in each of the samples was excited at 280 nm and their emission profiles were measured
from 285 to 500 nm with an integration time of 1.0 seconds. The buffer was also
measured under that same conditions and subtracted from each spectra to obtain the
emission profile for NATA, Y21W PYY, and Y19W PYY(3-36) only. The fluorescence
measurements were performed in triplicate and concentration normalized to 40 µM. The
temperature dependent emission peaks for each of the samples were integrated from 285
to 500 nm to determine the integrated fluorescence intensity as a function of temperature.
The integrated fluorescence intensity of the two peptides, Y21W PYY and Y19W
PYY(3-36), were normalized with NATA to compare the protected form of tryptophan
with the tryptophan within the peptide sequence.

Detailed Molecular Modeling

Human Peptide YY

Molecular dynamics simulations. Molecular dynamics (MD) simulations were
performed for the 36-residue hPYY peptide (pdb id; 2dez), with standard N-terminus,
amidated C-terminus and protonated form of histidine 26, corresponding to the
experimental pH conditions. Two separate simulations were started from coordinates of
model 1 from the NMR-determined structure,26 an 8 s trajectory with the OPLS-AA69
force field and SPC70 water model and a 4 s trajectory with the AMBER03 force field71
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and TIP3P72 water model, using the GROMACS73 program. In the OPLS-AA simulation
the peptide was solvated in a 54 Å dodecahedral cell of 3435 SPC70 waters with 9 Na+
and 11 Cl- ions added to neutralize the system at physiological ionic strength of 0.15 M
and 10,928 atoms altogether. In the AMBER03 simulation the peptide was solvated in a
63 Å dodecahedral cell of 5568 TIP3P waters, with 13 Na+ and 15 Cl- ions and 17,335
total atoms. In each case the system was subjected to energy minimization, 50 ps
dynamics with positional restraints on the peptide and equilibration through 100 ps
unrestrained NPT MD at a constant temperature of 300 K and a constant pressure of 1
bar. Finally, an NPT MD trajectory of 8000 ns length was generated at 300 K and 1 bar
for the OPLS-AA system and an NVT MD trajectory of 4000 ns length was generated at
300 K for the AMBER03 system. Periodic boundary conditions were employed. Van
der Waals interactions were truncated at 14 Å. For electrostatics, direct interactions were
included up to 10 Å and the particle-mesh Ewald74 (PME) method with 1.2 Å grid
spacing was used to avoid truncation. The velocity-rescaling algorithm73 was used for
constant temperature and the Parrinello-Rahman75 method for constant pressure. A time
step of 2 fs was used in the integration of equations of motion, with constraints applied to
all bond lengths.
In order to verify that the smaller cell size did not influence the OPLS-AA
simulation results, a 4000 ns NVT trajectory for hPYY with the OPLS-AA potential in
the 63 Å dodecahedral cell was generated. The peptide structural properties averaged
over the 0 to 4000 ns period were quite similar in both OPLS-AA trajectories (e.g. the
number of hydrogen bonds was 10 ± 2 with the smaller and 9 ± 1 with the larger cell,
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while the number of conserved long-range NOEs was 12 ± 4 with the smaller and 8 ± 1
with the larger cell).
Replica-exchange MD (REMD) simulations were also performed for the hPYY
peptide using the GROMACS73 program with OPLS-AA69 force field. The starting point
was the same fully equilibrated structure that was used to start the MD simulation, as
described above. Sixty-four replicas with temperatures spanning 280 to 500 K were
employed, with exchange attempts every 1 ps.

A constant pressure of 1 bar was

maintained. Except for the temperatures, the simulation conditions were the same as
employed in MD simulations. A 1 µs simulation was performed, with average exchange
probabilities in the 0.20 to 0.26 range.

Analysis. The basic calculated quantities were the backbone atom root-meansquare deviation (RMSD) from the starting structure, the peptide end-to-end distance, the
total number of mainchain hydrogen bonds and the number of non-hydrogen atom
contacts between the N-terminal segment (residues 1-12) and the C-terminal segment
(residues 14-36). Detailed analysis was made of the

–helical hydrogen bond length

involving the amide Oi and Ni+4 for residues i=13,…,32, with the bonds considered as
formed for a distance below 3.6 Å. To compare the simulations with NMR data, the 27
long-range contacts found in the NOE spectrum26 were analyzed.

The secondary

structure of hPYY was analyzed using the DSSP program,76 while clustering analysis was
performed using the GROMOS algorithm.77
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CHAPTER THREE
Results

Structure Formation Mechanisms of Human NPY and Analogs

Thermodynamic and Structural Studies

Circular dichroism spectroscopy. Analysis of the temperature-dependent far UV
CD of hNPY, Y21W NPY, and T32Wd NPY was performed to characterize the
secondary structures present and their corresponding stabilities. Far UV CD spectra as a
function of temperatures between 266 K and 363 K were recorded for each peptide.
Singular value decomposition (SVD) was applied to the CD data to resolve the spectral
components.54,

78, 79

A two state fit to the temperature denaturation curves of hNPY,

Y21W NPY, and T32Wd at 220 nm indicated distinct melting temperatures (Tm) and
enthalpy changes (ΔH). The entropy was solved for through Tm = ΔH/ΔS. The free
energy at 298 K (ΔG298) could then be obtained through the equation ΔG298 = ΔH – TΔS.
The equilibrium constant (K), found though ΔG298 = -RT ln(K) is calculated to describe
the folded state of these peptides.
Analysis of the temperature-dependent far UV CD between 266 K and 363 K
were recorded for the wild-type hNPY (Fig 3.1 A). These results show a distinct helical
signature, with a maximum ~190 nm and two minima at ~208 and ~222 nm. As the
temperature increases, the molar ellipticity also increases, demonstrating the loss of
structure/helical percentage as the peptide is thermally unfolded.

Singular value

decomposition (SVD) was applied to the CD data to resolve two main spectral
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components (Fig 3.1 B). The first component shows a maximum near 190 nm and two
minima near 210 and 222 nm, indicative of α-helical structure. The second component

Figure 3.1: (A) Far-UV CD spectra of native hNPY as a function of temperature (267 to
363 K). (B) Singular value decomposition (SVD) of native hNPY with the first
component (blue) and the second component (red) shown. (C) Melting curve of native
hNPY, blue circles are the measured data and the red line is the fit.

shows a minimum near 200 nm. This spectral signature corresponds to a random-coil
like structure. All other SVD components were noisy and could not be assigned to
definite structural elements in a straightforward manner.

A two-state fit to the

temperature denaturation curve of hNPY (Fig 3.1 C) showed a melting temperature (Tm)
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of 297.15 K with an enthalpy change of ΔH = -31.1 kcal/mol. The thermodynamic
parameters for the folding transition are presented in Table 3.1, demonstrating an
equilibrium shifted toward the folded form at room temperature, with K = 1.2.

Table 3.1: Thermodynamic parameters for the folding transition of the wild-type NPY,
obtained from fit of the circular dichroism data to a two-state model
Thermodynamic parameter
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol)
K298

Values
297.2
-31.1
-104.6
0.09
1.2

The temperature-dependent far UV CD of Y21W hNPY (Fig 3.2) was performed
to characterize its secondary structures and stability and to compare the effect of this
point mutation to the wild-type hNPY. Far UV CD spectra as a function of temperatures
between 266 K and 363 K were recorded (Fig 3.2 A) and, like hNPY, contains the
signature α-helical component with a maximum ~190 nm and two minima at ~208 and
~222 nm. As the peptide is thermally unfolded, the molar ellipticity increases, indicating
less α-helix and hence less structure. Singular value decomposition (SVD) shows two
well resolved components (Fig 3.2 B). The first component contains a maximum near
190 nm and two minima near 210 and 222 nm, indicative of α-helical structure. The
second component shows a minimum near 200 nm, corresponding to a random-coil like
structure.

The other SVD components could not be assigned to definite structural

elements in a straightforward manner. A two state fit to the temperature denaturation
curve of Y21W hNPY at 220 nm (Fig 3.2 C) showed a melting temperature (Tm) of
294.15 K with an enthalpy change of ΔH = -25.0 kcal/mol.
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The thermodynamic

Figure 3.2: (A) Far-UV CD spectra of Y21W hNPY as a function of temperature (267363 K). (B) Singular value decomposition (SVD) of Y21W hNPY with the first
component (blue) and the second component (red) shown. (C) Melting curve of Y21W
hNPY, blue circles are the measured data and the red line is the fit.

Table 3.2: Thermodynamic parameters for the folding transition of Y21W NPY, obtained
from fit of the circular dichroism data to a two-state model
Thermodynamic parameter
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol)
K298

Values
294.2
-25.0
-84.8
0.33
1.7

parameters for the folding transition are presented in Table 3.2, demonstrating an
equilibrium shifted toward the folded form at room temperature, with K = 1.7. These
50

results indicate that the point mutation did not greatly affect the secondary structural
components and the stability of the peptide. To understand the mechanism of secondary
structure formation, the laser temperature jump spectroscopy technique can be utilized.
These kinetic experiments require the excitation of a single fluorescent probe. Therefore,
the Trp in Y21W NPY can be excited for these experiments to follow the
folding/unfolding transition. Because the structure and stability of the mutated peptide
(Y21W NPY) is very similar to the native form, the kinetic experiments will provide an
accurate description of the native NPY folding transition.
Analysis of the temperature-dependent far UV CD of the mutant T32Wd hNPY
indicates a less stable structure compared to the wild-type hNPY. The CD spectra as a
function of temperatures between 266 K and 363 K (Fig 3.3 A) also shows an α-helicallike structure (with a maximum at 190 nm and two minima around 208 and 222 nm);
however, the molar ellipticity is increased by about half compared to the native structure.
This indicates that the T32Wd mutation greatly influences the structure which has clear
implications in its functional aspect.

Singular value decomposition (SVD) was

performed to resolve two main components (Fig 3.3 B).

The first component shows a

maximum near 190 nm and two minima near 210 and 222 nm, indicative of α-helical
structure.

The second component shows a minimum near 200 nm.

This spectral

signature corresponds to a random-coil like structure. All other SVD components could
not be resolved because they were noisy and did not represent main structural
components. A two state fit to the temperature denaturation curve of T32Wd hNPY at
220 nm (Fig 3.3 C) showed a melting temperature (Tm) of 283.65 K with an enthalpy
change of ΔH = -22.7 kcal/mol. The entropy was solved for through Tm = ΔH/ΔS,
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yielding ΔS = -0.080 kcal/mol K.

The thermodynamic parameters for the folding

transition are presented in Table 3.3, demonstrating an equilibrium shifted slightly
towards the folded form at room temperature, with K = 0.15, which is greatly reduced
compared to the wild-type NPY. Because the stability of the α-helical segment is greatly
perturbed, it is possible that a rigid structure is required to provide agonistic activity and a
more fluid structure is capable of antagonistic properties.

Figure 3.3: (A) Far-UV CD spectra of T32Wd hNPY as a function of temperature (267363 K). (B) Singular value decomposition (SVD) of T32Wd hNPY with the first
component (blue) and the second component (red) shown. (C) Melting curve of T32Wd
hNPY, blue circles are the measured data and the red line is the fit.
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Table 3.3: Thermodynamic parameters for the folding transition of T32Wd NPY,
obtained from fit of the circular dichroism data to a two-state fit
Thermodynamic parameter
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol)
K298

Values
283.65
-22.7
-80.0
1.14
0.15

Fourier transform infrared spectroscopy. Quantitative estimate of the secondary
structural elements was further analyzed for wild-type NPY, Y21W NPY, and T32Wd
NPY with the decomposition of the amide I peak of the FTIR spectrum into its
constituent components.

The initial band components were analyzed with the FSD

method and curve-fitting was performed on the original amide I band.80 The amide I
spectral region was analyzed to achieve a quantitative estimate of the secondary structural
content of these peptides with a 5% error.
The deconvolution of the amide I region of wild-type human NPY (Fig 3.4)
provided peaks centered at 1624.7, 1640.0, 1655.4, and 1676.7 cm-1. In the amide I
region, the peak at ~1655 cm-1 makes up 35% of the total secondary structure of hNPY,
supporting NMR findings24 that the α-helical structure is predominant. The ~1677 cm-1
peak shows a small amount (16.7%) of β-turn-like structure which is most likely
contributed to the segment that brings the N- and C-termini in close proximity. There is
also evidence supporting β-sheet-like structure with a peak at 1625 cm-1 representing
~9.3% of the hNPY structure. The peak at 1640 cm-1 corresponds to ~39% of the
structure and is assigned to a mixture of unordered/random conformation80, 81
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Figure 3.4: FTIR of hNPY in 20 mM acetate buffer, 100 mM NaCl, pH 3.2 deconvoluted
with a 5% error. The blue circles indicate the raw data and the red line is the fit to the
raw data. The peaks resulting from the deconvolution consist of a magenta peak at ~1655
cm-1 indicating the presence of α-helical structure (35%), cyan peak at ~1677 cm-1
indicating presence of a turn-like structure (17%), black peak at ~1625 cm-1 indicating
the presence of β-sheet-like structure (9%), and a peak representing unordered structure
at 1640 cm-1 (40%).

Table 3.4: FTIR results for the deconvolution of NPY
Structural Component
α-helix
β-sheet
Turns
Unordered

Peak Position (cm-1)
1655.4
1624.7
1676.7
1640.0

Percent Structure
34.6
9.3
16.7
39.4

(Table 3.4). As the infrared measurement is performed at 296 K, slightly higher that the
melting temperature, the fraction helix population is expected to fluctuate between both
ordered and disordered conformation at Tm.

This is verified by the deconvolution

analysis of the amide I infrared band. Analysis of the CD results also supports this
finding. Therefore, structural characterization of hNPY from both measurements is in
agreement. Analysis of the FTIR data provides qualitative evidence for the presence of
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helical population. This is another independent measurement allowing for a realistic
description of secondary structural elements in hNPY.
The deconvolution of the amide I region of Y21W NPY (Fig 3.5) provided peaks
centered at 1623.5, 1641.0, 1655.0, and 1677.5 cm-1. In the amide I region, the peak at
1655 cm-1 makes up 38% of the total secondary structure of Y21W hNPY, indicating a
slight increase in helical content from the native peptide. The ~1678 cm-1 peak shows a
small amount (9.5%) of β-turn-like structure which is most likely contributed to the
segment that brings the N- and C-termini in close proximity. There is also evidence
supporting β-sheet-like structure with a peak at ~1624 cm-1 representing 7.7% of the
Y21W hNPY structure. The peak at 1641 cm-1 corresponds to ~45% of the structure and
is assigned to a mixture of unordered /random conformation (Table 3.5), indicating that

Figure 3.5: FTIR of Y21W hNPY in 20 mM acetate buffer, 100 mM NaCl, pH 3.2
deconvoluted with a 5% error. The blue circles indicate the raw data and the red line is
the fit to the raw data. The peaks resulting from the deconvolution consist of a magenta
peak at 1655 cm-1 indicating the presence of α-helical structure (38%), cyan peak at
~1677 cm-1 indicating presence of a turn-like structure (10%), black peak at ~1624 cm-1
indicating the presence of β-sheet-like structure (8%), and a peak representing unordered
structure at 1641 cm-1 (45%).
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Table 3.5: FTIR results for the deconvolution of Y21W NPY
Peak Position (cm-1)
1655.0
1623.5
1677.5
1641.0

Structural Component
α-helix
β-sheet
Turns
Unordered

Percent Structure
37.5
7.7
9.5
45.4

Y21W hNPY may fluctuate between structured (predominately α-helical structure) and a
disordered conformation.80,

81

As the infrared measurement is performed at 296 K,

slightly higher that the melting temperature, the fraction helix population is expected to
be just under 50% at melting temperature. The CD results also support this finding.
Therefore, structural characterization of Y21W hNPY from both measurements is in
agreement. Analysis of the FTIR data provides qualitative evidence for the presence of
helical population as well as small percentages of other conformations, such as β-sheets
and β-turns. This provides a realistic description of secondary structural elements in
Y21W hNPY, which also supports insignificant structural changes between the mutant
and native NPY peptides.
The amide I spectral region was analyzed to achieve a quantitative estimate of the
secondary structure content of T32Wd NPY (Fig 3.6) with a 5% error. The deconvolution
of the amide I region provided peaks centered at 1623.7, 1638.6, 1652.7, and 1669.0 cm1

. In the amide I region, the peak at ~1653 cm-1 makes up 26% of the total secondary

structure of T32Wd hNPY, considerably less that the wild-type hNPY. The 1669 cm-1
peak shows a large amount (25%) of β-turn-like structure which is most likely
contributed to not only the segment that brings the N- and C-termini in close proximity,
but other turn-like structures as well. There is also evidence supporting β-sheet-like
structure with a peak at ~1624 cm-1 representing 14.6% of the T32Wd hNPY structure.
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Figure 3.6: FTIR of T32Wd hNPY in 20 mM acetate buffer, 100 mM NaCl, pH 3.2
deconvoluted with a 5% error. The blue circles indicate the raw data and the red line is
the fit to the raw data. The peaks resulting from the deconvolution consist of a magenta
peak at ~1653 cm-1 indicating the presence of α-helical structure (26%), cyan peak at
~1669 cm-1 indicating presence of a turn-like structure (25%), black peak at ~1624 cm-1
indicating the presence of β-sheet-like structure (15%), and a peak representing
unordered structure at ~1639 cm-1 (35%).
The peak at ~1639 cm-1 corresponds to ~35% of the structure and is assigned to a mixture
of unordered/random conformation (Table 3.6). Although the disorder is lower than the
wild-type NPY, there is much greater turn-like percentage which could be intertwined
between α-helical segments, causing a decrease in the helix percentage.80,

81

This also

supports findings from CD spectroscopy where the helical component is greatly reduced.
As the infrared measurement is performed at a temperature about thirteen degrees higher
that the melting temperature, the fraction helix population is expected to be higher at Tm.
This is verified by the deconvolution analysis of the amide I infrared band. Analysis of
the FTIR data provides, for the first time, qualitative evidence for the presence of reduced
helical population and increased β-turn-like structures compared to wild-type NPY.
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Table 3.6: FTIR results for the deconvolution of T32Wd NPY
Structural Component
α-helix
β-sheet
Turns
Unordered

DichroWeb analysis.

Peak Position (cm-1)
1652.7
1623.7
1669.0
1638.6

Percent Structure
25.7
14.6
24.6
35.2

The software package DichroWeb82,
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was utilized to

further analyze the secondary structural content of hNPY, Y21W NPY, and T32Wd NPY.
Two reference databases were compared which included CD spectra for 29 and 22
soluble proteins in a wavelength range of 178 to 260 nm.84
For native NPY, DichroWeb provided estimates of ~34% helix structure, ~8% βsheet, ~18% turns, ~5% PP2 conformation, and ~35% unordered based on the circular
dichroism spectrum at 298 K (Table 3.7). The helical contribution, β-sheet-like structure,
and the β-turn-like structure are all in excellent agreement with the FTIR deconvolution
(Table 3.8). These values support the conclusion that a correct description of hNPY
secondary structure has been obtained. The unordered percentage for hNPY calculated
by DichroWeb is slightly under estimated; however, because of the weakness of the PP2
structure and an almost identical far UV CD spectrum to the random-coil,85,

86

the

percentage of PP2 can be added to the unordered component of DichroWeb. In addition,
the FTIR results do not contain signature peak positions for the PP2 structure, therefore it
can be considered as part of the unordered structural component. The addition of the
DichroWeb percent structure of unordered and PP2 (40%) is in good agreement with the
previous FTIR results (Table 3.8). Because these analyses are based upon the secondary
structural classifications made from x-ray diffraction studies, there is obviously error
involved in this approach.87 The average RMSD between the original and the derived
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spectrum is about 0.1.79 In summary, the spectroscopic measurements allow for the
determination of the average secondary structure of hNPY in solution.

The main

structural element is the α-helix. The FTIR data indicate that the α-helix population is 35
5 % or 13

2 residues at 296 K. Additionally, the FTIR results indicate the presence

of several minor elements: β-sheet (9
14

2 residues) and β-turn (17

5 % or 3

5 % or 6

2 residues), random coil (39

5 % or

2 residues) at 296 K.

Table 3.7: DichroWeb results for the percentage of structural components of NPY
Structural Component
α-helix
β-sheet
Turns
PP2
Unordered

Percent Structure
34
8
18
5
35

Table 3.8: Comparison of FTIR and DichroWeb Results of NPY
Structural Component
α-helix
β-sheet
Turns
Unordered

Percent Structure
(FTIR)
35
9
17
39

Percent Structure
(DichroWeb)
34
8
18
40

For Y21W NPY, the structural analysis program provided estimates of ~31%
helix structure, ~11% β-sheet, ~17% turns, ~7% PP2 conformation, and ~35% unordered
based on circular dichroism spectrum at 298 K (Table 3.9). The helical contribution of
31% is in good agreement with the FTIR deconvolution (Table 3.10), but slightly underestimated. The unordered percentage for Y21W hNPY calculated by DichroWeb is
slightly under estimated; however, the percentage of PP2 is again added to this
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component85, 86 since the FTIR results do not contain signature peak positions for the PP2
structure. The addition of the DichroWeb percent structure of unordered and PP2 (42%)

Table 3.9: DichroWeb results of the percentage of structural components of Y21W NPY
Structural Component
α-helix
β-sheet
Turns
PP2
Unordered

Percent Structure
31
11
17
7
35

Table 3.10: Comparison of FTIR and DichroWeb Results of Y21W NPY
Structural Component

Percent Structure
(FTIR)
37
8
10
45

α-helix
β-sheet
Turns
Unordered

Percent Structure
(DichroWeb)
31
11
16
42

is slightly lower than the previous FTIR results (Table 3.10). The DichroWeb results for
the turn-like structure are also over-estimated, which could be the reason for the underestimation of helical and unordered percentages. There is again error involved in this
approach since these structural features are estimated based on known crystal structures
of other proteins.79,

87

In summary, the spectroscopic measurements allow for the

determination of the average secondary structure of Y21W hNPY in solution. Like
native NPY, the main structural element is the α-helix. The FTIR data indicate that the αhelix population is 37

5 % or 13

2 residues at 296 K. Additionally, the FTIR results

indicate the presence of several minor elements: β-sheet (8
random coil (45

5 % or 16

2 residues) and β-turn (10

K.
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5 % or 3

5 % or 4

2 residues),

2 residues) at 296

For T32Wd NPY, the DichroWeb provided estimates of ~22% helix structure,
~24% β-sheet, ~25% turns, ~14% PP2 conformation, and ~15% unordered for the
circular dichroism spectrum at 298 K (Table 3.11). The helical, turn-like, and β-sheetlike structures are in good agreement with the FTIR deconvolution (Table 3.12). The

Table 3.11: DichroWeb results of the percentage of structural components of
T32Wd NPY
Structural Component
α-helix
β-sheet
Turns
PP2
Unordered

Percent Structure
22
24
25
14
15

unordered percentage for T32Wd hNPY calculated by DichroWeb is slightly under
estimated; however, the addition of the percentage of PP285, 86 and random-coil (31%) is
in good agreement with the previous FTIR results (Table 3.12). It is interesting to note
that the PP2 percentage, however, doubled for the T32Wd mutation, which can only be
seen through DichroWeb analysis. From the FTIR and DichroWeb results it is evident
that the T32Wd point mutation causes major structural changes, leading to a peptide with
less order, as seen in the decrease of helical components.

This increase in PP2

conformation, as well as the growth in the turn-like structure may be key structural
factors to provide this peptide with its antagonistic function.

In summary, the

spectroscopic measurements allow for the determination of the average secondary
structure of T32Wd hNPY in solution. With a decrease in the α-helical component, the
main structural elements are the α-helix and turn-like structures. The FTIR data indicate
that the α-helix population is 25

2 residues and the β-turn contribution is 25

5 % or 9
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5 % or 9

2 residues at 296 K. Additionally, the FTIR results indicate the presence of

several β-sheets (15

5 % or 5

2 residues) and random coils (35

5 % or 13

2

residues) at 296 K.

Table 3.12: Comparison of FTIR and Dichroweb Results of T32Wd NPY
Structural Component
α-helix
β-sheet
Turns
Unordered

Percent Structure
(FTIR)
25
15
25
35

Percent Structure
(DichroWeb)
23
19
20
38

Temperature dependent fluorescence spectroscopy. Fluorescence spectroscopy
was performed to gain insight into the structural dynamics of NPY and T32Wd NPY.
Since it was found previously that the Trp point mutation (Y21W) of NPY represents a
very similar structure to that of wild-type NPY, the Trp can be utilized as a fluorescent
probe to follow structural changes as the peptide is thermally denatured. This Trp probe
is necessary since these peptides contain multiple Tyr residues.

The fluorescence

emission spectra of Y21W NPY, T32Wd NPY, and N-acetyl-L-tryptophanamide (NATA)
(Fig 3.7 A, B and C) were integrated from 290 to 500 nm, the wavelength range of the
Trp emission profile, at each temperature.

These integrations were plotted against

temperature and normalized with NATA to compare the structures of NPY and T32Wd
NPY to protected Trp (NATA).
Figure 3.7 D shows the integrated fluorescence intensity of NPY and T32Wd NPY
as a function of temperature. For NPY, the Trp probe is located at position 21 and for
T32Wd NPY the Trp probe is located at position 32. Therefore, this data represents the
comparison of these Trp probes as the peptides are unfolded. It can be seen that both
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peptides have a decreased fluorescence intensity compared to NATA, indicating that the
Trp probe is more quenched in the peptides. The Trp probe in NPY is located near the
center of the C-terminal helix. Because Trp contains a hydrophobic side chain, it is
usually buried within the helix and does not interact with the polar solvent environment.
This property makes Trp a proper probe to follow the unfolding of the C-terminal helix.
At low temperatures where the peptide is in its most folded state, NPY contains about
80% of the NATA fluorescence. For T32Wd NPY, the Trp contains about 45% of the
free NATA fluorescence at its most folded state. This indicates that the Trp fluorescence
is more quenched for T32Wd NPY than for NPY. In other words, the Trp of NPY could
be more exposed to the solvent than that of T32Wd NPY.

As the temperature is

increased, the two peptides are thermally unfolded, exposing the Trp probe to the
surrounding environment. Interestingly, after 50 °C the Trp probe of both NPY and
T32Wd NPY is equally exposed to the environment, indicating a similar structural
conformation for both peptides after a certain point of thermal denaturation. Because the
integrated fluorescence intensity of NATA is the same for NPY and T32Wd NPY at 90
°C, it can be concluded that these peptides have reached their final unfolded state.
Monitoring the fluorescence intensity as a function of temperature is an important
preliminary measurement to determine experimental conditions for the kinetics studies to
monitor the folding transition for Y21W NPY.

For these studies, the helix-coil

equilibrium is perturbed by a rapid increase in temperature and the relaxation of the
peptide is monitored by the fluorescence intensity of the fluorescent probe. Figure 3.7 D
indicates that the quantum yield of Y21W NPY is decreased as a function of temperature;
therefore, as the helix-coil equilibrium is perturbed, there will be a rapid decrease in the
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Figure 3.7: (A) Fluorescence emission profile of Y21W NPY from -5 to 90 °C. (B)
Fluorescence emission profile of T32Wd NPY from -5 to 90 °C. (C) Fluorescence
emission profile of N-acetyl-L-tryptophanamide (NATA) from -5 to 90 °C. (D)
Integrated fluorescence emission spectra of NATA, NPY, and T32Wd NPY as a function
of temperature (blue – NATA; red – NPY; green – T32Wd NPY).
fluorescence intensity, proportional to the temperature increase. Then, as the peptide
refolds, the fluorescence intensity can be followed as a function of time to determine the
mechanism and rate of relaxation. This data also indicates that a temperature pulse of 10
to 20 °C will create a large enough change in fluorescence intensity, sufficient to observe
the refolding event of the peptide.
The T32Wd mutation of NPY has been previously found to possibly induce a type
II β-turn at that position, causing the C-terminus to fold back over the PP-fold, rather than
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extend away from the helix.42 In the NMR structure of wild-type human NPY,24 the
amphiphilic helix spans from residues 13 through 36; therefore, the mutation at position
32 could cause disruption of this important helix component. These results are supported
by the previous CD measurements of T32Wd NPY, indicating a less stable and less
structured peptide.

This modified conformation at the C-terminus of NPY may be

responsible for the loss of agonist activity, generating the potent antagonist T32Wd NPY.
The integrated fluorescence data supports the previous findings that suggest the D-Trp
substitution disrupts the C-terminal helix, causing such an important structural change
that leads to its opposite function (antagonistic, rather than agonistic). Together, these
results indicate that the C-terminus, and hence its structure, is vital to agonistic activity of
NPY.

Helix-Coil Kinetics of Y21W NPY

Laser temperature jump spectroscopy. Laser temperature jumps were used to
rapidly perturb the helix-coil equilibrium of Y21W NPY. Figure 3.8 A shows the kinetic
measurements of Y21W NPY with respect to NATA (control), indicating that the
relaxation of Y21W NPY can be distinguished. The initial rapid decrease results from a
change in the intrinsic tryptophan fluorescence due to the increase in temperature. This is
followed by a much slower single exponential phase corresponding to a decrease in helix
population. The relaxation data, measured when the sample was not exposed to the nearinfrared heating pulse, was measured at 290 K and 295 K (Fig 3.8 B and C). These
relaxation curves were both fitted with a single-exponential relaxation to obtain the rate
of the observed relaxation for both 290 K and 295 K. This provided rate constants of
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Figure 3.8: Temperature jump kinetic data for Y21W NPY and NATA control. (A)
Temperature jump data for NATA (green) and Y21W NPY (red) at 301 K indicates
incomparable fluorescence changes for protected Trp (NATA) verses Y21W NPY. (B)
Temperature jump kinetic data of Y21W hNPY (green) with a single-exponential
relaxation fit (red) at 290 K. The relaxation rate obtained from the single-exponential fit
is τ = 6.658 µs. (C) Temperature jump kinetic data of Y21W hNPY (green) with a
single-exponential relaxation fit (red) at 295 K. The relaxation rate obtained from the
single-exponential fit is τ = 5.429 µs. (C) Temperature dependence of relaxation rates for
Y21W hNPY. Measured relaxation rate (blue circles) with kinetic fit (red line) indicates
that about 90% of the time, Y21W NPY relaxes described by a two-state process, and
about 10% of the time, Y21W NPY relaxes with the formation of intermediates.
k = 1.502 x 105 /s (τ = 6.658 µs) at 290 K and k = 1.842 x 105 (τ = 5.429 µs) at 295 K.
Because both of these relaxation curves are fit to a single-exponential function, it
indicates that Y21W NPY relaxes back to the folded state from its unfolded state in one
step, without the formation of intermediates.
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The temperature dependence of the

relaxation rates is shown in Figure 3.8 D. This indicates that about 90% of the time, the
two-state kinetic model is followed with the slope of the linear fit equal to -3.0.
However, there is a small portion of the time that the slope is not linear, indicating that
Y21W NPY follows a multiple-state relaxation, suggesting the formation of
intermediates while relaxing from the unfolded to folded state (U↔F). The slope of the
linear fit can be utilized to determine the activation energy (Ea) of this process since it is
equal to –Ea/R (where R is the universal gas constant). The activation energy was found
to be ~6.0 cal/mol, the amount of energy required to overcome the transition state to
proceed to the final product (F↔U).

Membrane Translocation of Neuropeptide Y

Parallel Artificial Membrane Permeation Assay (PAMPA)
The Parallel Artificial Membrane Permeation Assay (PAMPA) method was
utilized to determine if hNPY can passively transport across a lipid bilayer. Since NPY
contains five tyrosine residues, it was important to understand the translocation of
protected tyrosine (NAYA) across the lipid bilayer. This experiment was an important
preliminary study to compare the translocation of NPY to protected tyrosine to determine
if the translocation pattern is dependent of tyrosine alone or properties specific to NPY.
The translocation of NAYA (Fig 3.9) across DOPC and EPC was examined at pH 4.8 and
pH 7.2 at both room temperature and physiological temperature. These results indicate
that temperature plays an important role in the translocation of NAYA, with ~50%
decrease in translocation with an decrease in temperature for the DOPC bilayers (Fig 3.9
A and B). Translocation across the EPC bilayers is influenced more by temperature (Fig
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3.9 C and D) with a more than 50% decrease in translocation of NAYA at room
temperature. The pH only affected the translocation of NAYA slightly, with greatest
affects across the EPC bilayer. Also, an important observation is the pattern/mechanism
of translocation.

For DOPC membranes, NAYA appears to reach a maximum

translocation at about 27 hours (Fig 3.9 A and B), however, the translocation does not
reach a maximum after 30 hours across EPC bilayers. These results provide evidence
that the translocation mechanism of NAYA across DOPC is different than across EPC
membranes. This could have implications in drug design as translocation will be affected
by the lipid composition of the target cell. Finally, the effect of concentration was also
examined for NAYA (Fig 3.10). These results indicate that translocation is in fact
concentration depend for both lipids and acidic and neutral conditions. Understanding
how concentration effects translocation is important for individual drugs and peptides
since an optimal concentration will have to be obtained to provide the desired outcome.
These results provide evidence that NAYA does in fact translocate across the membrane.
These results can then be compared to NPY translocation and to other peptides
containing tyrosine residues to further understand mechanisms of translocation.
Permeability of hNPY was measured by both direct UV spectrophotometric
measurements and fluorescence spectrophotometric measurements. As UV detection can
be insensitive at low concentrations, fluorescence detection was also investigated due to
its inherent sensitivity and specificity (Fig 3.11). The fluorescence emission profile of
Y21W NPY (Fig 3.11 A) at each time point was integrated (from 290 to 500 nm) to
determine the relative amount of NPY translocation. These results indicate that Y21W
NPY does passively translocate across the lipid bilayer, but only after fifteen hours. The
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Figure 3.9: PAMPA results for NAYA translocation across DOPC and EPC lipid bilayers
at physiological and room temperature. (A) Blue circles – integrated fluorescence
intensity of NAYA, pH 7.2, DOPC lipid, and 37 °C. Magenta circles – integrated
fluorescence intensity of NAYA, pH 7.2, DOPC lipid, and 21 °C. (B) Blue circles –
integrated fluorescence intensity of NAYA, pH 4.8, DOPC lipid, and 37 °C. Magenta
circles – integrated fluorescence intensity of NAYA, pH 4.8, DOPC lipid, and 21 °C. (C)
Blue circles – integrated fluorescence intensity of NAYA, pH 7.2, EPC lipid, and 37 °C.
Magenta circles – integrated fluorescence intensity of NAYA, pH 7.2, EPC lipid, and 21
°C. (D) Blue circles – integrated fluorescence intensity of NAYA, pH 4.8, EPC lipid,
and 37 °C. Magenta circles – integrated fluorescence intensity of NAYA, pH 4.8, EPC
lipid, and 21 °C.

translocation has reached a maximum at 24 hours exhibiting almost total NPY
translocation (Fig 3.11 B). Both the fluorescence integration as a function of time and
the concentration as a function of time follow a cooperative-like pattern, indicating that a
true picture of NPY

translocation has been established
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through independent

Figure 3.10: PAMPA results for NAYA translocation across DOPC and EPC lipid
bilayers at physiological. (A) Blue circles – integrated fluorescence intensity of 600 µM
NAYA, pH 7.2, DOPC lipid, and 37 °C. Magenta circles – integrated fluorescence
intensity of 300 µM NAYA, pH 7.2, DOPC lipid, and 37 °C. (B) Blue circles –
integrated fluorescence intensity of 600 µM NAYA, pH 4.8, DOPC lipid, and 37 °C.
Magenta circles – integrated fluorescence intensity of 300 µM NAYA, pH 4.8, DOPC
lipid, and 37 °C. (C) Blue circles – integrated fluorescence intensity of 600 µM NAYA,
pH 7.2, EPC lipid, and 37 °C. Magenta circles – integrated fluorescence intensity of 300
µM NAYA, pH 7.2, EPC lipid, and 37 °C. (D) Blue circles – integrated fluorescence
intensity of 600 µM NAYA, pH 4.8, EPC lipid, and 37 °C. Magenta circles – integrated
fluorescence intensity of 300 µM NAYA, pH 4.8, EPC lipid, and 37 °C.
measurements. As other small peptides have been shown to translocate lipid bilayers,88,
89

this is the first time NPY has been shown to passively translocate a lipid bilayer. These

results provide the basis of future studies which will be required to speed the
translocation rate. Because there is pressure in pharmaceutical research to lower the
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Figure 3.11: Translocation of hNPY across EPC bilayer. (A) Fluorescence emission
profile of hNPY measured from 290 to 500 nm for each time point. (B) Integrated
fluorescence intensity as a function of time. (C) Absorption profile of Y21W NPY
measured for each time point from 190 to 350 nm. (D) Concentration of Y21W NPY
translocated as a function of time.

attrition rates of the development of potential drug compounds, PAMPA provides a
helpful stand-in for cellular models to examine the absorption properties early in
development.

Peptides have been utilized recently to deliver drugs to target cells.

Therefore, since NPY does in fact translocate the lipid bilayer, it can possibly utilized as
a potential drug carrier which would be targeted to a particular cell. Although this
provides only the basis of NPY translocation, NPY remains a promising delivery peptide
for future drug candidates.
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Characterization of the Neuropeptide Y Family of Receptors

Molecular Modeling of Receptor Subtypes

Y1 receptor. The Y1 receptor is made up of 384 amino acids and has the highest
binding affinity for NPY followed by PYY. The predicted three-dimensional structure
predictions are displayed in Figure 3.12. In a previous study, it was found that ITASSER, an online modeling server generated in 2006, generated the best 3D structure
predictions among all automated servers. Each generated structure contains confidence
scores, or C-scores, and when these scores are greater than -1.5 they represent a strong
correlation of a better quality of predicted model, with higher scores representing better
predictions. The C-scores for the top three models are 0.21, -0.08 and -0.88. Therefore,
Figure 3.12 A contains the best quality model. The TM-score for the top model is 0.74 ±
0.11. A TM-score of less than 0.17 corresponds to a similarity between two randomly
selected structures from the Protein Data Bank (PDB) library, while a TM-score greater
than 0.5 corresponds approximately to two structures of the similar topology. Therefore,
the TM-score also indicates that an accurate model of the Y1 receptor has been produced.
The root mean square deviation (RMSD) averages distances of all residue pairs with
equal weight with a low RMSD indicating a model very close to the native. The top
model for the Y1 receptor contains an RMSD of is 6.3 ± 3.8 Å, also providing evidence
that the model is a good prediction of the native receptor. The I-TASSER server also
provides secondary structure predictions for each residue of the Y1 receptor.63,
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G

protein-coupled receptors (GPCRs), as shown in the crystal structure bovine rhodopsin,90
share several features such as seven transmembrane α-helical regions connected by six
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loops of varying lengths, an N-terminal extracellular region, and a C-terminal
intracellular region. The secondary structure predictions from the Y1 model indicate
seven helical segments comprising the transmembrane (TM) regions. These α-helical
regions span from residues 37 to 60 for TM1, 74 to 103 for TM2, 109 to 138 for TM3,
159 to 175 for TM4, 205 to 241 for TM5, 266 to 288 for TM6, and 297 to 335 for TM7.
The intracellular and extracellular loops contain high occurrences of β-sheet and randomcoil populations while the transmembrane regions are composed of α-helical segments.
All of these secondary structural predictions contain high confidence scores, which are
ranked at each amino acid. The amino acids are also scored based on their exposure level
to the surrounding environment, with a zero indicating a buried residue and a nine
representing a highly exposed residue. It has been previously found that the aspartic acid
at position 6.59 (nomenclature carried over from Merten et al.34 for all of the Y receptor
modeling sections) interacts with arginine in position 35 of NPY. Also, the aspartic acid
at position 2.68 is important for ligand binding since its mutation led to loss of NPY
binding.12, 34, 91 From the Y1 receptor model produced, the aspartic acid 6.59 is predicted
to be at the end of the transmembrane helix six and Asp 2.68 is found at the end of TM2,
supporting previous findings. Asp6.59 has an exposure prediction of zero, while Asp2.68
contains a score of three. This indicates that when the ligand interacts with these two
residues, it must to some extent, interact with the membrane, or in a hydrophobic
environment, supporting previous results by Thomas et al..43 The predictions for the
extracellular regions all contain relatively low exposure values (mostly between zero and
two).

These predictions make sense since the loop regions connecting the

transmembrane helices are very short. This receptor model is important because it allows
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for the understanding of the receptor region and environment where the ligand can
interact. Interactions of several model ligands with this receptor also indicate a common
region of binding. This region contains a very low exposure value, indicative of a
hydrophobic environment, and is located close to the start of TM3. Again, although this
is simply an estimate, it may be that this area does contain certain contact points to the
ligand.

A

B

C

Figure 3.12: Receptor Y1 modeling results from I-TASSER. (A) Top predicted model
with a C-score of 0.21. (B) Second predicted model with a C-score of -0.08. (C) Third
predicted model with a C-score of -0.88.
Y2 receptor. The Y2 receptor is made up of 381 amino acids and has the highest
binding affinity for PYY followed by NPY. The predicted three-dimensional structure
predictions are displayed in Figure 3.13.

The I-TASSER online modeling server

generated structures with C-scores for the top three models of 0.10, -0.86 and -1.27, with
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the best quality model shown in Figure 3.13 A. The TM-score for the top model is 0.73 ±
0.11, indicating that an accurate model of the Y2 receptor has been produced. The top
model for the Y2 receptor contains an RMSD of is 6.5 ± 3.9 Å, also providing evidence
that the model is a good prediction of the native receptor. The I-TASSER server also
provides secondary structure predictions for each residue of the Y2 receptor.63,
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The

secondary structure predictions from the Y2 model indicate seven α-helical segments
comprising the transmembrane regions. These α-helical regions span from residues 48 to
70 for TM1, 84 to 113 for TM2, 120 to 147 for TM3, 164 to 186 for TM4, 210 to 250 for
TM5, 256 to 293 for TM6, and 302 to 340 for TM7. The intracellular and extracellular
loops contain high occurrences of β-sheet and random-coil populations while the
transmembrane regions are composed only of α-helical segments. All of these secondary
structural predictions contain high confidence scores, which are ranked at each amino
acid. The amino acids are also scored based on their exposure level to the surrounding
environment. It has been previously found that the aspartic acid at position 6.59 interacts
with arginine in position 33 of NPY and glutamic acid at position 5.27 on extracellular
loop two interacts with Ala25 of NPY. It is postulated that the Ala25-Glu5.27 interaction
is the first contact point of NPY interaction with the Y2 receptor subtype.12, 34, 91 From
the model generated here, the aspartic acid is positioned at the end of the sixth helical
transmembrane segment and Glu5.27 is located at the start of TM5 in the second
extracellular loop region. Both Asp6.59 and Glu5.27 have an exposure prediction of zero
indicating that these residues are completely protected from the environment. Like the
ligand-Y1 receptor interaction, this model also supports previous results43 indicating that
NPY is capable of interacting with this receptor subtype in a hydrophobic environment.
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The predictions for the extracellular regions all contain relatively low exposure values,
with extracellular loop two the most exposed. The environment of the binding location
of NPY has not been previously described.

It is possible that this hydrophobic

environment will have structural effects on the structure of NPY. Interactions of several
model ligands with this receptor also indicate a common region of binding. This region
contains a very low exposure value, indicative of a hydrophobic environment, and is
again located close to the start of TM3. It may be that this area is important for binding
in all receptor subtypes. Because this is simply a prediction of the region binding occurs,
it would have to be further examined to find actual sites of binding. These results can be
utilized when designing future NPY analogs.

A

B

C

Figure 3.13: Receptor Y2 model from I-TASSER. (A) Best overall model generated with
a C-score of 0.10. (B) Second best model generated with a C-score of -0.86. (C) Least
accurate model with a C-score of -1.27.
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Y5 receptor. The Y5 receptor is made up of 445 amino acids and has the highest
binding affinity for NPY followed by PYY. The predicted three-dimensional structure
predictions are displayed in Figure 3.14.

The I-TASSER online modeling server

generated structures with C-scores for the top three models of -0.88, -1.40, and -2.01 with
the best quality model shown in Figure 3.14 A. The TM-score for the top model is 0.60 ±
0.14, indicating that an accurate model of the Y5 receptor has been produced. The top
model for the Y5 receptor contains an RMSD of is 9.1 ± 4.6 Å, also providing evidence
that the model is a good prediction of the native receptor.63, 64 The secondary structure
predictions from the Y5 model indicate seven α-helical segments comprising the
transmembrane (TM) regions. These α-helical regions span from residues 40 to 66 for
TM1, 75 to 104 for TM2, 111 to 139 for TM3, 160 to 176 for TM4, 205 to 248 for TM5,
354 to 393 for TM6, and 401 to 440 for TM7. Like the Y1 and Y2 receptor subtypes, the
intracellular and extracellular loops contain high occurrences of β-sheet and random-coil
populations while the transmembrane regions are composed only of α-helical segments.
All of these secondary structural predictions contain high confidence scores, which are
ranked at each amino acid.

The amino acid exposure level to the surrounding

environment and the points of interaction between the ligand and this receptor are similar
to the Y2 receptor subtype. It has been previously found that the aspartic acid at position
6.59 interacts with arginine in position 33 of NPY and the glutamic acid at position 5.27
on extracellular loop two interacts with Ala25 of NPY. The docking of Ala25 was not
found in Y1 receptor subtype studies, suggesting different ligand binding modes for Y1
receptors verses the Y2 and Y5 receptors. It is also thought that the Ala25-Glu5.27
interaction could provide the first contact point of NPY interaction with the Y5 receptor
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Figure 3.14: Receptor Y5 models generated from I-TASSER. (A) Best predicted model
with a C-score of -0.88. (B) Second predicted model with a C-score of -1.40. (C)
Inaccurate model prediction since the C-score of -2.01 is greater that -1.5.
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subtype.12, 34, 91 Based on the I-TASSER model, the aspartic acid is positioned at the end
of the sixth helical transmembrane segment and the glutamic acid is positions on the third
extracellular loop close to the TM5 region. The Asp6.59 has an exposure prediction of
zero and the Glu5.27 has an exposure prediction of one, indicating that these residues are
almost completely buried in the receptor, away from the surrounding environment. These
results provide important information about the environment at the binding sight of NPY,
suggesting that NPY interacts with the receptor in a hydrophobic environment. The
predictions for the extracellular regions all contain relatively low exposure values, with
extracellular loop two the most exposed. Again, interactions of several model ligands
with this receptor also indicate a common region of binding, which is located in a
hydrophobic environment and close to TM3. This receptor model is important because it
allows for the understanding of the receptor region and environment where the ligand can
interact which has not been described before.

Structure Formation Mechanisms of Human PYY and Analogs

Thermodynamic and Structural Studies

CD spectroscopy. Analysis of the temperature-dependent far UV CD of hPYY,
Y21W PYY, PYY(3-36), and Y19W PYY(3-36) were performed to characterize the
secondary structures present in each peptide and their corresponding stabilities. Far UV
CD spectra as a function of temperatures between 266 K and 363 K were recorded for
each peptide. Singular value decomposition (SVD) was applied to the CD data to resolve
the spectral components.54, 78, 79 A two state fit to the temperature denaturation curves of
hPYY, Y21W PYY, PYY(3-36) and Y19W PYY(3-36) at 222 nm indicated distinct
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melting temperatures (Tm) and enthalpy changes (ΔH). The entropy was solved for
through Tm = ΔH/ΔS. The free energy at 298 K (ΔG298) could then be obtained through
the equation ΔG298 = ΔH – TΔS. The equilibrium constant (K) can be used to describe
the folded state of the peptides, found though ΔG298 = -RTln(K).
The temperature-dependent far UV CD spectra of human PYY as a function of
temperatures between 266 K and 363 K were recorded (Fig 3.15 A). Two well resolved
components have been identified (Fig 3.15 B) through the SVD analysis.

The first

component shows a maximum near 190 nm and two minima near 210 and 222 nm,
indicative of α-helical structure. The second component shows a minimum near 200 nm.
This spectral signature corresponds to a random-coil like structure. All other SVD
components were noisy and could not be assigned to definite structural elements in a
straightforward manner. A two state fit to the temperature denaturation curve of hPYY at
222 nm (Fig 3.15 C) showed a melting temperature (Tm) of 48 °C with an enthalpy
change of ΔH = -24.6 kcal/mol. The entropy was solved for through Tm = ΔH/ΔS,
yielding ΔS = -0.0762 kcal/mol K. The thermodynamic parameters for the folding
transition are presented in Table 3.13, demonstrating an equilibrium strongly shifted to
ward the folded form at room temperature, with K = 20.4, which corresponds to a folded
fraction of 95%.

Assuming that the observed transition is due to unfolding of the 20-

residue C-terminal α-helix, this corresponds to the population of 19 helical residues at
298 K.
Analysis of the temperature-dependent far UV CD of Y21W PYY (Fig 3.16) was
performed to characterize the secondary structures and their relative amounts present in
this peptide and to compare the effects of this point-mutation with the wild-type peptide.
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Figure 3.15: (A) Far-UV CD spectra of native hPYY as a function of temperature (266 to
363 K). (B) Singular value decomposition (SVD) of native hPYY with the first
component (blue) and the second component (red) shown. (C) Melting curve of native
hPYY, blue circles indicate measured data and the red line represents the two-state fit.

Table 3.13: Thermodynamic parameters for the folding transition of the wild-type hPYY,
obtained from fit of the circular dichroism data to a two-state model
Thermodynamic parameter
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol)
K298

Values
321.6
-24.5
-76.2
-1.8
20.4

Far UV CD spectra as a function of temperatures between 266 K and 363 K were
recorded (Fig 3.16 A). Singular value decomposition (SVD) was applied to the CD data
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and two well resolved components have been identified (Fig 3.16 B).

The first

component shows a maximum near 190 nm and two minima near 210 and 222 nm,
indicative of α-helical structure. The second component shows a minimum near 200 nm.
This spectral signature corresponds to a random-coil like structure. All other SVD
components were noisy and could not be assigned to definite structural elements in a
straightforward manner. A two state fit to the temperature denaturation curve of Y21W
hPYY at 222 nm (Fig 3.16 C) showed a melting temperature (Tm) of 317.2 K with an
enthalpy change of ΔH = -25.3 kcal/mol. The entropy was solved for through Tm =
ΔH/ΔS, yielding ΔS = -0.0799 kcal/mol K. The thermodynamic parameters for the
folding transition are presented in Table 3.16, demonstrating an equilibrium strongly
shifted towards the folded form at room temperature, with K = 12.6, in agreement with
the native peptide.

These results indicate that the mutation at position 21 does not

greatly alter the secondary structure or stability of this peptide, indicating that this peptide
will provide a good representation of the native structure when utilized in fluorescence
spectroscopic measurements where a fluorescent probe is needed to excite the peptide.
The temperature-dependent far UV CD of PYY(3-36) was performed to
characterize the structural differences between this N-terminally truncated peptide and
native PYY. These structural differences could provide insight into the Y2 receptor
selectivity of PYY(3-36). Far UV CD spectra as a function of temperatures between 266
K and 363 K were recorded (Fig 3.17 A). Singular value decomposition (SVD) indicated
two well resolved structural components (Fig 3.17 B).

Like the native PYY, the first

component shows a maximum near 190 nm and two minima near 210 and 222 nm,
representing the α-helical structure as the main constituent of this peptide. The second
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Figure 3.16: (A) Far-UV CD spectra of Y21W hPYY as a function of temperature (267363 K). (B) Singular value decomposition (SVD) of Y21W hPYY with the first
component (blue) and the second component (red) shown. (C) Melting curve of Y21W
hPYY, blue circle is measured data and red line is the fit.

component shows a minimum near 200 nm, corresponding to a random-coil like
structure. All other SVD components were noisy and could not be assigned to definite
structural elements. A two state fit to the temperature denaturation curve of hPYY(3-36)
at 222 nm (Fig 3.17 C) indicated a significant stability decrease compared to hPYY. The
melting temperature (Tm) decreased to 288.65 K and the enthalpy change of ΔH = -13.6
kcal/mol was increased. The thermodynamic parameters for the folding transition are
presented in Table 3.15, demonstrating an equilibrium only slightly shifted toward the
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Table 3.14: Thermodynamic parameters for the folding transition of the Y21W hPYY,
obtained from fit of the Circular Dichroism data to a two-state model
Thermodynamic parameter
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol)
K298

Values
317.2
-25.3
-79.9
-1.5
12.6

folded form at room temperature, with K = 0.46, which is greatly reduced compared to
hPYY. It was previously postulated that a requirement for Y1 receptor binding is the
intact N- and C-termini of the ligand, which are brought together via the PP-fold
conformation. It was found that the truncated peptide, PYY(3-36), was only selective for
the Y2 receptor subtype, leading investigators to believe that the removal of the two Nterminal amino acids of PYY to make PYY(3-36) eliminates the possible interaction
between the N- and C-termini.19 The far UV CD data indicates that the elimination of
only two amino acids from the N-terminal end of PYY creates a peptide that is much less
stable, possibly due to greater fluctuations in the N-terminus. This further expands on
Keire’s findings indicating a reduction in the helicity in PYY(3-36).19

Receptor

selectivity could occur simply because binding requirements to the Y1 receptor are much
stricter than the requirements to bind to the Y2 receptor subtype, explaining why PYY
can binding to both receptor subtypes. This study certainly expands on the differences in
PYY and PYY(3-36) structure, giving indication that the structure of these peptides
greatly influences their functions.
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Figure 3.17: (A) Far-UV CD spectra of native hPYY(3-36) as a function of temperature
(267-363 K). (B) Singular value decomposition (SVD) of native hPYY(3-36) with the
first component (blue) and the second component (red) shown. (C) Melting curve of
native hPYY(3-36), blue circles indicate measured data and red line represents the twostate fit to the data.

Table 3.15: Thermodynamic parameters for the folding transition of the wild-type
PYY(3-36), obtained from fit of the circular dichroism data to a two-state model
Thermodynamic parameter
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol)
K298

Values
288.7
-13.6
-47.2
0.47
0.46
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Analysis of the temperature-dependent far UV CD of Y19W PYY(3-36) was
performed to characterize its secondary structure and to compare the structure of this
peptide to native PYY(3-36). Far UV CD spectra as a function of temperatures between
266 K and 363 K were recorded (Fig 3.18 A). Singular value decomposition (SVD) was
applied to the CD data to resolve the spectral components.

Two well resolved

components have been identified (Fig 3.18 B), with the first component containing a
maximum near 190 nm and two minima near 210 and 222 nm, similar to PYY(3-36).
The second component shows a minimum near 200 nm.
corresponds to a random-coil like structure.

This spectral signature

A two state fit to the temperature

denaturation curve of Y19W hPYY(3-36) at 222 nm (Fig 3.18 C) showed a melting
temperature (Tm) of 288.15 K with an enthalpy change of ΔH = -15.5 kcal/mol. The
entropy was solved for through Tm = ΔH/ΔS, yielding ΔS = -0.0539 kcal/mol K. The
thermodynamic parameters for the folding transition are presented in Table 3.16,
demonstrating properties almost identical to PYY(3-36). This indicates that the mutation
at position 19 does not greatly alter the structure or stability of the peptide, demonstrating
the stability of the C-terminal helix. This mutation only slightly shifts the equilibrium to
a slightly more folded form. This data provides evidence that the Trp at position 19 can
be utilized as a fluorescent probe in fluorescence spectroscopic measurements with
confidence that these experiments will provide an accurate description of the native state.

FTIR spectroscopy. Quantitative estimate of the secondary structural elements of
hPYY, Y21W PYY, PYY(3-36), and Y19W PYY(3-36) were further analyzed with the
decomposition of the amide I peak of the FTIR spectra into constituent components. The
initial band components were analyzed with the FSD method and curve-fitting was
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Figure 3.18: (A) Far-UV CD spectra of Y19W hPYY(3-36) as a function of temperature
(267-363 K). (B) Singular value decomposition (SVD) of Y19W hPYY(3-36) with the
first component (blue) and the second component (red) shown. (C) Melting curve of
Y19W hPYY(3-36), blue circles are the measured data and the red line represents the
two-state fit to the data.

Table 3.16: Thermodynamic parameters for the folding transition of Y19W PYY(3-36),
obtained from fit of the circular dichroism data to a two-state model
Thermodynamic parameter
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol)
K298

Values
288.2
-15.5
-53.9
0.53
2.5
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performed on the original amide I band. The amide I spectral region was analyzed to
achieve a quantitative estimate of the secondary structure content with a 5% error.80, 92
The deconvolution of the amide I region of hPYY (Fig 3.19) provided peaks
centered at 1620.0, 1634.3, 1651.5, and 1678.9 cm-1. Peaks were also present in the
amide II region (data not shown), which can provide information about side chains.80, 92
The 1450 cm-1 band in the amide II region has not been shown to be characteristic of
other amino acids, therefore it is thought to provide information on CN stretching and
NH bending in the hPYY peptide.80, 92-96 The peak at ~1550 cm-1 is attributed to NH2
bending and the peak at ~1518 cm-1 is characteristic of tyrosine. In the amide I region,
the peak at ~1652 cm-1 makes up 54% of the total secondary structure of hPYY,
supporting NMR findings21, 26, 33 that the α-helical structure is predominant. The ~1680
cm-1 peak shows a small amount (15.6%) of β-turn-like structure which is most likely
contributed to the segment that brings the N- and C-termini in close proximity. There is
also evidence supporting β-sheet-like structure with a peak at 1620 cm-1 representing
~9% of the hPYY structure. The peak at 1634 cm-1 corresponds to ~22% of the structure
and is assigned to a mixture of unordered /random conformation as well as α-helix turns
and short-segment chains connecting α-helical segments (Table 3.17).80,

81

As the

infrared measurement is performed at 296 K, considerably lower that the melting
temperature, the fraction helix population is expected to be much higher than that at T m.
This is verified by the deconvolution analysis of the amide I infrared band. Analysis of
the CD results also supports this finding. Therefore, structural characterization of hPYY
from both measurements is in agreement. Analysis of the FTIR data does not yield a
quantitative estimate of helix content for hPYY, but it provides qualitative evidence for
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the presence of helical population. This is another independent measurement allowing
for the generation of a realistic description of secondary structural elements in hPYY.

Figure 3.19: FTIR of hPYY in 20 mM acetate buffer, pH 4.6 deconvoluted with a 5%
error. The blue circles indicate the raw data and the red line is the fit to the raw data.
The peaks resulting from the deconvolution consist of a magenta peak at ~1652 cm-1
indicating the presence of α-helical structure (54%), cyan peak at ~1679 cm-1 indicating
presence of a turn-like structure (16%), black peak at ~1620 cm-1 indicating the presence
of β-sheet-like structure (9%), and a peak representing a combination of unordered
structure and short segment chains connecting α-helical segments at 1634 cm-1 (22%).

Table 3.17: FTIR results for the deconvolution of wild-type human PYY
Structural Component
α-helix
β-sheet
Turns
Unordered

Peak Position (cm-1)
1651.5
1620.0
1678.9
1634.3

Percent Structure
54.0
8.8
15.6
21.7

Quantitative estimate of the secondary structural elements was further analyzed
for Y21W hPYY (Fig 3.20) with the decomposition of the amide I peak of the FTIR into
its constituent components. The deconvolution of the amide I region provided peaks
centered at 1620.0, 1635.0, 1651.5, and 1677.1 cm-1. The peak at ~1652 cm-1 makes up
51% of the total secondary structure of Y21W hPYY, supporting NMR findings of the
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wild-type hPYY21, 26, 33 in which the α-helical structure is predominant. This indicates
that the C-terminal α-helix is not significantly affected by the Trp point mutation, which
was also found through the far UV CD measurments. The ~1677 cm-1 peak shows a
small amount (18.2%) of β-turn-like structure which is most likely contributed to the
segment that brings the N- and C-termini in close proximity, and is only slightly greater
than that of native PYY. If the β-turn-like structure is responsible for bringing the
termini together to form the overall PP-fold, it can be assumed that the tertiary structures
of these two peptides are very similar, both possessing a “hairpin-like” structure. There
is also evidence supporting β-sheet-like structure with a peak at 1620 cm-1 representing
8% of the Y21W hPYY structure, almost identical to the native peptide. The peak at
1635 cm-1 corresponds to ~23% of the structure and is assigned to a mixture of unordered
/random conformation as well as α-helix turns and short-segment chains connecting αhelical segments (Table 3.18).80,
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This represents another independent measurement

allowing for the generation of a realistic description of the secondary structural elements
in Y21W hPYY. These results further support that the single point mutation, Y21W, in
the C-terminal helix of PYY does not greatly alter the structure of the peptide. Therefore,
structural characterization of hPYY from both spectroscopic measurements is in
agreement.

Therefore, Y21W hPYY is maintained in a very similar structural

composition and stability as the wild-type hPYY. This is important because it indicates
that the mutation did not structurally change the peptide; therefore, fluorescence
spectroscopy measurements, requiring an excitation probe, performed with Y21W hPYY
can be considered that of the native peptide.
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Figure 3.20: FTIR of Y21W hPYY in 20 mM acetate buffer, pH 4.6 deconvoluted with a
5% error. The blue circles indicate the raw data and the red line is the fit to the raw data.
The peaks resulting from the deconvolution consist of a magenta peak at ~1652 cm-1
indicating the presence of α-helical structure (51%), cyan peak at ~1677 cm-1 indicating
presence of a turn-like structure (18%), black peak at ~1620 cm-1 indicating the presence
of β-sheet-like structure (8%), and a peak representing a combination of unordered
structure and short segment chains connecting α-helical segments at 1635 cm-1 (23%).

Table 3.18: FTIR Results from the deconvolution of Y21W PYY
Structural Component
α-helix
β-sheet
Turns
Unordered

Peak Position (cm-1)
1651.5
1620.0
1677.1
1635.0

Percent Structure
50.6
8.0
18.2
22.6

Quantitative estimate of the secondary structural elements of PYY(3-36) were
further analyzed with the decomposition of the amide I peak of the FTIR (Fig 3.21) into
its structural components. The deconvolution of the amide I region provided peaks
centered at 1621.9, 1635.3, 1652.2, and 1679.9 cm-1. The peak at ~1652 cm-1 makes up
55% of the total secondary structure of hPYY(3-36), supporting NMR findings of the
presence of a helical component as the main structural element;21,

26, 33

however, the

percentage found here exceeds that of the NMR findings from Keire et al., which
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indicated only 24% helical structure.19 This was disproved by NMR studies of Nygaard
and co-workers who found that the helical segment for both hPYY and hPYY(3-36)
spans from residues 15 to 34, indicating no structural difference in the C-terminal
portions of the peptides.26 This is in agreement with the FTIR results found here,
indicating almost identical compositions of helical character for both hPYY and hPYY(336). The reason for the discrepancy with Keire et al. could be the pH difference in their
experiments.19, 26 Keire performed CD measurements at pH 619 to calculate the percent
helix present and Nygaard performed the NMR experiments at pH 4.6.26

It was

previously found through CD spectroscopy that the structure of hPYY is pH dependent,
with a more structured peptide found at ~pH 4, followed by a decrease in structure with
an increase in pH.33 The FTIR measurements here were performed at pH 4.6 (the same
pH as the NMR experiments performed by Nygaard et al.) and therefore expected to have
more structure than previously found by Keire and co-workers.

The second FTIR

deconvoluted peak at ~1680 cm-1 shows a small amount (15.4%) of β-turn-like structure
which again is most likely contributed to the segment that brings the N- and C-termini in
close proximity. There is also evidence supporting β-sheet-like structure with a peak at
~1622 cm-1 representing ~9% of the hPYY(3-36) structure. The peak at ~1635 cm-1
corresponds to ~21% of the structure and is assigned to a mixture of unordered/random
conformation as well as α-helix turns and short-segment chains connecting α-helical
segments (Table 3.19).80,

81

This measurement provides a realistic description of

secondary structural elements present in hPYY(3-36). Although there is no significant
difference between the percent composition of hPYY and hPYY(3-36), which could have
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led to hypotheses for receptor selectivity, these data do show support for the findings of
Nygaard, indicating identical structural features in the C-terminus of these peptides.

Figure 3.21: FTIR of hPYY(3-36) in 20 mM acetate buffer, pH 4.6 deconvoluted with a
5% error. The blue circles indicate the raw data and the red line is the fit to the raw data.
The peaks resulting from the deconvolution consist of a magenta peak at ~1652 cm-1
indicating the presence of α-helical structure (55%), cyan peak at ~1680 cm-1 indicating
presence of a turn-like structure (15%), black peak at ~1623 cm-1 indicating the presence
of β-sheet-like structure (9%), and a peak representing a combination of unordered
structure and short segment chains connecting α-helical segments at 1635 cm-1 (21%).

Table 3.19: FTIR Results for the deconvolution of PYY(3-36)
Structural Component
α-helix
β-sheet
Turns
Unordered

Peak Position (cm-1)
1652.2
1621.9
1679.9
1635.3

Percent Structure
54.9
9.1
15.4
20.7

The secondary structural elements of Y19W hPYY(3-36) (Fig 3.22) were found to
obtain information on the percent structural components of this peptide and to investigate
if the point mutation alters the structure of native hPYY(3-36). The deconvolution of the
amide I region provided peaks centered at 1622.1, 1635.3, 1650.8, and 1676.6 cm-1. In
the amide I region, the peak at ~1651 cm-1 makes up 56% of the total secondary structure
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of Y19W hPYY(3-36), indicating that the mutation does not alter the C-terminal helix of
this peptide. The ~1677 cm-1 peak shows a small amount (18.1%) of β-turn-like structure

Figure 3.22: FTIR of Y19W hPYY(3-36) in 20 mM acetate buffer, pH 4.6 deconvoluted
with a 5% error. The blue circles indicate the raw data and the red line is the fit to the
raw data. The peaks resulting from the deconvolution consist of a magenta peak at ~1651
cm-1 indicating the presence of α-helical structure (56%), cyan peak at ~1677 cm-1
indicating presence of a turn-like structure (18%), black peak at ~1622 cm-1 indicating
the presence of β-sheet-like structure (9%), and a peak representing a combination of
unordered structure and short segment chains connecting α-helical segments at 1635 cm-1
(17%).
which is also most likely contributed to the segment that brings the N- and C-termini in
close proximity since the overall structure of hPYY(3-36) was found in a PP-fold
conformation.26 There is also evidence supporting β-sheet-like structure with a peak at
~1622 cm-1 representing ~9% of the Y19W hPYY(3-36) structure. The peak at ~1635
cm-1 corresponds to ~17% of the structure and is assigned to a mixture of
unordered/random conformation as well as α-helix turns and short-segment chains
connecting α-helical segments (Table 3.20).80,
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These results indicate that there is no

significant structural change between hPYY(3-36) and its mutant Y19W hPYY(3-36), in
agreement with the previous CD measurements. Because of this, the mutated analog was
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utilized in fluorescence spectroscopy measurements in which the Trp was used as a probe
to monitor the unfolding transition as a function of temperature.

Table 3.20: FTIR Results for the deconvolution of Y19W PYY(3-36)
Peak Position (cm-1)
1650.8
1622.1
1676.6
1635.3

Structural Component
α-helix
β-sheet
Turns
Unordered

DichroWeb analysis.

Percent Structure
55.7
8.8
18.1
17.4

The software package DichroWeb82,
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was utilized to

further analyze the secondary structural content of hPYY, Y21W hPYY, hPYY(3-36),
and Y19W hPYY(3-36). Two reference databases were compared which included CD
spectra for 29 and 22 soluble proteins in a wavelength range of 178-260 nm.84 The
program utilizes known structures of proteins which are then used to calculate the
percentage of structural components present in these peptides.
For hPYY, the program provided estimates of ~48% helix structure, ~8% β-sheet,
~14% turns, ~3% PP2 conformation, and ~25-30% unordered for hPYY (Table 3.21)
based on the far UV circular dichroism spectrum at 298 K. The estimated helical
contribution of 48% was slightly lower than the 54% found in the FTIR deconvolution
(Table 3.22), DichroWeb and FTIR results were in good agreement on the β-sheet and

Table 3.21: DichroWeb results for percentage of structural components of human PYY
Structural Component
α-helix
β-sheet
Turns
PP2
Unordered

Percent Structure
43
14
23
6
16
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Turn-like structural populations, supporting the conclusion that a correct description of
hPYY secondary structure has been obtained. The unordered percentage for hPYY
calculated by DichroWeb is slightly over estimated and possibly encompasses some of
the population of α-helix, which is seen in greater amount in the FTIR data (Table 3.22).
It is also important to note the PP2 conformation which has been calculated via
DichroWeb and not through FTIR spectroscopy. It has been suggested that the three
proline residues (Pro2-Pro5-Pro8) at the N-terminal end form a poly-proline-like helix.26,
33

Because these analyses are based upon the secondary structural classifications made

from x-ray diffraction studies, there is obviously error involved in this approach.87 The
average RMSD between the original and the derived spectrum is about 0.1.79

Table 3.22: Comparison of FTIR and DichroWeb results of wild-type human PYY
Structural Component
α-helix
β-sheet
Turns
Unordered

Percent Structure
(FTIR)
54
9
15
22

Percent Structure
(DichroWeb)
48
8
14
30

In summary, the spectroscopic measurements allow us to determine the average
secondary structure of hPYY in solution. The main structural element is the α-helix. The
FTIR data indicate that the α-helix population is 54

5 % or 19

2 residues at 296 K.

Additionally, the FTIR results indicate the presence of several minor elements: β-sheet (9
5 % or 3
or 6

2 residues), random coil (22

5 % or 7

2 residues) and β-turn (16

5%

2 residues) at 296 K. Assuming that the thermodynamic transition found in the

temperature-dependent CD measurements corresponds to α-helix melting, based on the
CD melting curve and FTIR helix content, it would be expected that about 19 residues
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would populate the α-helical structure at 300 K. If we use the CD melting curve with the
slightly lower total helix content predicted by DichroWeb, we would expect to find about
17 α-helical residues at 300 K.97
For Y21W hPYY, the DichroWeb program provided estimates of ~45% helix
structure, ~14% β-sheet, ~25% turns, ~4% PP2 conformation, and ~14% unordered for
Y21W hPYY based on the circular dichroism spectrum at 298 K (Table 3.23). The
helical contribution of 45% was slightly lower than the ~50% found in the FTIR
deconvolution (Table 3.24), but still within the experimental error. DichroWeb and FTIR
methods were in good agreement on the β-sheet and turn structure fractions, further
supporting the conclusion that a correct description of Y21W hPYY secondary structure
has been obtained. The unordered percentage for Y21W PYY calculated by DichroWeb
is slightly under estimated; however, because of the weakness of the PP2 structure and an
almost identical far UV CD spectrum to the random-coil,85, 86 the percentage of PP2 can
be added to the unordered component of DichroWeb. In addition, the FTIR results do not
contain signature peak positions for the PP2 structure, therefore it can be considered as
part of the unordered structural component. The addition of the DichroWeb percent
structure of unordered and PP2 (18%) is in good agreement with the previous FTIR
results (Table 3.23).
In summary, the spectroscopic measurements allow for the determination of the
average secondary structure of Y21W hPYY in solution.

Together, the FTIR and

DichroWeb results indicate that the point mutation at position 21 does not significantly
alter the secondary structure of hPYY. This is further supported by the far UV CD
results indicating almost identical stabilities and structures for these two peptides. The
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main structural element is the α-helix. The FTIR data indicate that the α-helix population
is 51

5 % or 18

2 residues at 296 K. Additionally, the FTIR results indicate the

presence of several minor elements: β-sheet (8
(23

5 % or 8

2 residues) and β-turn (18

5 % or 3

5 % or 7

2 residues), random coil

2 residues) at 296 K. Again,

these data support the conclusion that there negligible structural changes between hPYY
and Y21W hPYY.

Table 3.23: DichroWeb results for percentage of structural components of Y21W PYY
Structural Component
α-helix
β-sheet
Turns
PP2
Unordered

Percent Structure
45
14
25
4
14

Table 3.24: Comparison of FTIR and DichroWeb results of Y21W PYY
Structural Component
α-helix
β-sheet
Turns
Unordered

Percent Structure
(FTIR)
51
8
18
23

Percent Structure
(DichroWeb)
47
9
18
26

For hPYY(3-36), the DichroWeb program provided estimates of ~49% helix
structure, ~10% β-sheet, ~19% turns, ~6% PP2 conformation, and ~16% unordered for
hPYY(3-36) based on the circular dichroism spectrum at 298 K (Table 3.25). The helical
contribution of 49% is slightly lower than the ~52% found in the FTIR deconvolution
(Table 3.26), but still within the experimental error. DichroWeb and FTIR methods were
in good agreement on the β-sheet and turn structural populations. This analysis further
supports the conclusion that a correct description of hPYY(3-36) secondary structural
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Table 3.25: DichroWeb results for percentage of structural components of
PYY(3-36)
Structural Component
α-helix
β-sheet
Turns
PP2
Unordered

Percent Structure
49
10
19
6
16

components has been obtained. The unordered percentage for hPYY(3-36) calculated by
DichroWeb is slightly under estimated, however, the percentage of PP2 is again added to
this component since the PP2 structure is very weak.85, 86 Because the FTIR spectrum do
not contain signature peak positions for the PP2 structure, it can be considered as part of
the unordered structural component. The addition of the DichroWeb percent structure of
unordered and PP2 (22%) is in good agreement with the previous FTIR results (Table
3.26). The FTIR and DichroWeb results demonstrate that the deletion of the two Nterminal residues of hPYY to form hPYY(3-36) do not change the main structural
components of this peptide. Like hPYY, the main structural element of this truncated
peptide is the α-helix. The FTIR data indicate that the α-helix population is 54
19

5 % or

2 residues at 296 K. Additionally, the FTIR results indicate the presence of several

minor elements: β-sheet (9
residues) and β-turn (16

5 % or 3

5 % or 6

2 residues), random coil (21

5 % or 8

2

2 residues) at 296 K. Again, these data indicate that

the structural components are very similar for hPYY and hPYY(3-36). Although the
structural components remain very close to wild-type hPYY, the CD results provide
evidence that the stability of hPYY(3-36) is lower and the equilibrium at 298 K shifted to
a more unfolded state.

These DichroWeb analyses are
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based upon the secondary

structural classifications made from x-ray diffraction studies.87 These results are in good
agreement with the FTIR data indicating their validity.

Table 3.26: Comparison of FTIR and DichroWeb results of PYY(3-36)
Structural Component
α-helix
β-sheet
Turns
Unordered

Percent Structure
(FTIR)
54
9
16
21

Percent Structure
(DichroWeb)
49
10
19
22

The structural content of Y19W hPYY(3-36) was further analyzed to provide
further support for the structures found in the FTIR analysis. The software package
DichroWeb82, 83 provided estimates of ~50% helix structure, ~9% β-sheet, ~20% turns,
~3% PP2 conformation, and ~18% unordered for Y19W hPYY(3-36) based on the
circular dichroism spectrum at 298 K (Table 3.27). The helical contribution of 50% was
slightly lower than the ~55% found in the FTIR deconvolution, but still within the
experimental error. DichroWeb and FTIR methods were in good agreement on the βsheet and turn populations (Table 3.28). These two independent measurements provide
support that a correct description of hPYY(3-36) secondary structural composition has
been obtained.

The unordered percentage for Y19W hPYY(3-36) and the PP2

component to this component calculated by DichroWeb can be added together for
comparison with the unordered percentage of the FTIR analysis. Because the FTIR
results do not contain signature peak positions for the PP2 structure, it can be considered
as part of the unordered structural component. The addition of the percent structure of
unordered and PP2 (21%) is slightly higher than the unordered component found in the
FTIR analysis. The FTIR and DichroWeb results demonstrate that the Y19W mutation of
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hPYY(3-36) does not change the main structural components of this peptide
considerably, indicating that the peptide structure is almost identical.

This further

supports the validity of the steady-state fluorescence measurements of Y19W hPYY(336) were the Trp mutation was used as a probe to monitor the unfolding transition of the
peptide. If the structures of the native and mutated peptides were considerably different,
these results would not represent information about the native structure. In summary, the
main structural element of this mutated peptide is the α-helix. The FTIR data indicate
that the α-helix population is 55

5 % or 20

2 residues at 296 K. Additionally, the

FTIR results indicate the presence of several minor elements: β-sheet (9
residues), random coil (18

5 % or 7

2 residues) and β-turn (18

5 % or 3

2

5 % or 7

2

residues) at 296 K. Again, these data indicate additional support for the far UV CD data
which also indicated no major structural changes between hPYY(3-36) and its mutant
Y19W hPYY(3-36).
Table 3.27: DichroWeb results for percentage of structural components
of Y19W PYY(3-36)
Structural Component
α-helix
β-sheet
Turns
PP2
Unordered

Percent Structure
50
9
20
3
18

Table 3.28: Comparison of FTIR and DichroWeb Results of Y19W PYY(3-36)
Structural Component
α-helix
β-sheet
Turns
Unordered

Percent Structure
(FTIR)
55
9
18
18
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Percent Structure
(DichroWeb)
50
9
20
21

Fluorescence spectroscopy. Fluorescence spectroscopy was performed to obtain
insight into the structural dynamics of PYY and PYY(3-36). Since it was found through
far UV CD, FTIR, and DicroWeb analysis that the Trp point mutation of PYY, yielding
Y21W PYY, and the point mutation of PYY(3-36), yielding Y19W PYY(3-36) represent
very similar structures to their wild-types, the Trp can be utilized as a fluorescent probe
to follow structural changes as the peptides are thermally denatured. This Trp probe is
necessary to monitor the unfolding transition because these peptides contain four
fluorescent Tyr residues, making it impossible to distinguish between them.

The

fluorescence emission spectra of Y21W PYY, Y19W PYY(3-36), and N-aceytl-Ltryptophanamide (NATA) (Fig 3.23 A, B and C) were integrated from 290 to 500 nm at
each temperature (from -5 to 90 °C), the wavelength range of the Trp emission profile.
These integrations were plotted against temperature and normalized with NATA to
compare the structures of PYY and PYY(3-36) to protected Trp (NATA).
The integrated fluorescence intensities of PYY and PYY(3-36) as a function of
temperature are shown in Figure 3.23 D. This data represents the comparison of these
Trp probes as the peptides are thermally unfolded. It can be seen that both peptides have
a decreased fluorescence intensity compared to NATA, which is expected since the Trp
probes of these peptides are quenched due to their structures. For both peptides, the Trp
probes are located near the center of the C-terminal helix; therefore, the unfolding of this
stable secondary structure is monitored as the peptides are thermally denatured. Because
Trp contains a hydrophobic side chain, it is usually buried within the helix and does not
interact with the polar solvent environment, making Trp a proper probe to follow the
unfolding of the C-terminal helix. At low temperatures where the peptide is in its most

102

Figure 3.23: (A) Fluorescence emission profile of Y21W PYY from -5 – 90 °C. (B)
Fluorescence emission profile of Y19W PYY(3-36) from -5 – 90 °C. (C) Fluorescence
emission profile of NATA from -5 – 90 °C. (D) Integrated fluorescence emission spectra
of NATA, PYY, and PYY(3-36) as a function of temperature using Trp as the probe.
(blue – NATA; red – PYY; green – PYY(3-36))

folded state, PYY contains about 90% of the fluorescence of NATA.

PYY(3-36),

however, only contains about 75% of the NATA fluorescence. This indicates that at the
lowest temperature, where the peptides are in the most folded form, there is a stability
difference between the wild-type PYY and its truncated form. The C-terminal helix is
less stable for PYY(3-36), supporting the previous far UV CD findings. These integrated
fluorescence data also indicate complete unfolding for both PYY and PYY(3-36) at about
85 °C where the integrated fluorescence intensity of NATA is equal to these two
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peptides. Interestingly, after 70 °C the Trp probe of both wild-type PYY and PYY(3-36)
is equally exposed to the environment, indicating a similar structural conformation for
both peptides after a certain point of thermal denaturation.
It was previously stated that the intact C-terminal helix and N-terminus may be
responsible for the selectivity to the Y1 receptor subtype. It has also been speculated that
only the C-terminus is required to bind to the Y2 receptors.19

These fluorescence

measurements provide evidence of the stability difference in the central portion of the Cterminal helix of PYY and PYY(3-36). By losing only two amino acids, to form PYY(336), there is a clear structural difference between PYY and PYY(3-36). These results
again are supported by the far UV CD experiment which also indicated loss of stability
upon truncation of the two N-terminal amino acids of PYY.

Detailed Molecular Modeling

Human Peptide YY

MD simulations: clustering. The range of explored structures was analyzed by
clustering based on C atom RMSD with a 3.0 Å radius, using the GROMOS algorithm77
for 40,000 peptide structures sampled every 200 ps from the OPLS-AA trajectory and
every 100 ps from the AMBER03 MD trajectory. In the OPLS-AA trajectory 96 clusters
were found overall, 9 had populations above 1000 and 23 had populations above 100.
The major populated clusters are shown in Figure 3.24 A, with the starting structure
included for comparison.

Common factors in OPLS-AA structures are: (a) the

maintenance of the central turn motif (residues 12-14), (b) tendency for side chain contact
formation between the N-terminal and C-terminal segments, and (c) mixture of ordered
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A

B

Figure 3.24: Structures corresponding to major populated clusters in MD simulations. (A)
Eight microseconds MD simulation of hPYY with OPLS-AA force field at 300 K and 1
bar (1-21) are compared with starting NMR structure (0). (B) Four microseconds MD
simulation of hPYY with AMBER03 force field at 300 K. Solvent and ions removed for
clarity.
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and disordered conformations in center of the C-terminal helix. The main fluctuations
involve large-scale unfolding of the C-terminal helix and large excursions of the Nterminal tail. In the AMBER03 trajectory 18 clusters were identified, 3 with more than
1000 members and 5 with more than 100 members. The major clusters are shown in
Figure 3.24 B. These structures are quite similar to the starting conformation, and are
characterized by: (a) maintenance of central turn, (b) multiple close contacts between the
N-terminal tail and C-terminal helix, and (c) stability of the C-terminal helix. The main
structural fluctuations involve unfolding of end of the C-terminal helix and movements of
the initial part of the N-terminal tail away from the main body of the molecule.97

MD simulations: overall structure. The RMSD from the initial structure as a
function of time is shown in Figure 3.25. In the OPLS-AA trajectory the peptide as a
whole continues to explore new conformations, with overall RMSD fluctuating in ranges
of 3 to 6 Å, 5 to 8 Å, and 8 to 11 Å as the simulation progresses (Figure 3.25 A).
However, both the N- and C-terminal fragments, considered separately, tend to fluctuate
within a range of 2 to 5 Å from the starting NMR structure, exhibiting a tendency to
return to previously sampled conformation. Thus, a representative sample of structures
for the two segments of hPYY may have been obtained, but sampling of their possible
relative arrangements remains incomplete in the 8 µs trajectory.

In the AMBER03

trajectory the overall RMSD fluctuates in the 3 to 7 Å range, the C-terminal remains
within 0.5 to 1.5 Å and the N-terminal within 2.5 to 4.5 Å of the starting structure (Figure
3.25 B). The helical C-terminus remains very close the starting NMR structure over the
whole 4

s trajectory, while the N-terminal segment mostly fluctuates in a single

conformational basin that is further away from the starting experimental structure.
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A

B

Figure 3.25: Cα atom RMSD from starting structure as a function of time for the whole
peptide and N-terminal (residues 1-12) and C-terminal (residues 14-36) segments. (A)
Eight microseconds MD simulation of hPYY with OPLS-AA. (B) Four microseconds
MD simulation of hPYY with AMBER03. Units: Å.
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Overall, the protein explores several conformational basins that appear to be related to
different relative positions of the N- and C-terminal parts.
Figure 3.26 shows the time evolutions of the overall number of main-chain
hydrogen bonds in the trajectory (these include hydrogen bonds involved in the turn, helical and alternate helical interactions). In the OPLS-AA simulation this number
fluctuates around 15 at the start of the simulation (0 to 2 µs) and around 11 during the
remaining period (2 to 8 µs), corresponding to the appearance of partly disordered helix
structures in the trajectory (Figure 3.26). In the AMBER03 simulation the total number
of hydrogen bonds remains close to 18 for most of the trajectory, except for a transient
decrease to 15 during the first microsecond (Figure 3.26 B). Figure 3.27 shows the
overall number of heavy atom contacts between the N-terminal and C-terminal segments
as a function of time. For OPLS-AA this number fluctuates around 20 at the start and
around 30 during the remainder of the simulation. The decrease in hydrogen bonding and
partial helix disorder appears to be compensated by enhanced side-chain contacts (Figure
3.27 A). For the AMBER03 this number fluctuates between 20 and 30 for most of the
trajectory (Figure 3.27 B). There is a tendency for compensation of the decrease in
hydrogen bonding and partial helix disorder by enhanced side-chain contacts97
MD simulations: NOE contacts. In the NMR structural study,26 27 long-range
NOE contacts were detected between the residues of the N- and C-terminus.

The

distance between the corresponding atoms/groups from the MD trajectories has been
calculated.

The analysis, based on assuming that a contact is present when the

atoms/groups are at a distance of 5 Å or less, is presented in Figure 3.28 showing the
time evolution of the number of contacts), Figure 3.29 (showing the population of the
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A

B

Figure 3.26: Total number of hydrogen bonds formed by main-chain atoms as a function
of time. (A) Eight microseconds OPLS-AA MD simulation of hPYY. (B) Four
microseconds AMBER03 simulation of hPYY.
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A

B

Figure 3.27: Total number of nonhydrogen atom contacts between the N-terminal
(residues 1-12) and C-terminal (residues 14-36) as a function of time. (A) Eight
microseconds OPLS-AA MD simulation of hPYY. (B) Four microseconds AMBER03
simulation of hPYY.
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A

B

Figure 3.28: Total number of long-range NOE contacts present as a function of time. (A)
Eight microseconds OPLS-AA MD simulation of hPYY. (B) Four microseconds
AMBER03 simulation of hPYY.
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Figure 3.29: Populations of individual long-range NOE contacts. (A) Eight microseconds
OPLS-AA MD simulation of hPYY. (B) Four microseconds AMBER03 simulation of
hPYY.

Figure 3.30: Distribution of the total number of long-range NOE contacts. (A) Eight
microseconds OPLS-AA MD simulation of hPYY. (B) Four microseconds AMBER03
simulation of hPYY.
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individual contacts) and Figure 3.30 (showing the distribution of the total contact count).
In the OPLS-AA trajectory the number of contacts tends to decay over time, with average
values falling from about 17 in the initial stages, to 6 in the middle and 3 in the final
stages of the trajectory (Figure 3.28). These contacts are between Leu17 and Ala12,
close to the central turn of the peptide. The remaining contacts exhibit populations in the
3% to 40% ranges, with the overall trajectory average over all 27 contacts of 44%. A
majority of sampled structures exhibited 5 or fewer of the 27 experimental NOE contacts
(Figure 3.30). For the AMBER03 the average number of contacts remains in the 19 to 23
range throughout the AMBER03 trajectory.

There are only four contacts with

populations below 50% - these are contacts 2 and 3 (between Leu17 and Ala 12) and
contacts 18 and 23 (between Tyr27 and Ile3) (Figure 3.29). The remaining contacts
exhibit populations in the 64% to 99% range, with an overall average over 27 NOEs of
80%. A majority of the sampled structures showed presence of 20 to 25 contacts (Figure
3.30). In this case the contact statistics do not exhibit a systematic variation in time, e.g.
the overall contact population is 81% for the 2 to 4 µs period, very similar to the 80% for
the whole 0 to 4 µs.97

MD simulations: C-terminal segment. To further analyze the behavior of the Cterminal segment, the number of

-helical hydrogen bonds involving C=O groups of

residues 13 to 32 was followed. The plot of the number of hydrogen bonds as a function
of time is shown in Figure 3.31, individual hydrogen bond populations are given in
Figure 3.32, and the distribution of total hydrogen bond counts in Figure 3.33. In the
OPLS-AA simulation the number of helical hydrogen bonds fluctuates around an average
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A

B

Figure 3.31: Time evolution of total number of α-helical hydrogen bonds involving the
C-terminal residues 13 to 32 of hPYY. (A) Eight microseconds OPLS-AA MD
simulation. (B) Four microseconds AMBER03 simulation.
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Figure 3.32: Populations of the individual α-helical hydrogen bonds; hydrogen bond i
involves the carbonyl O of residue i and the amide N of residue i + 4. (A) Eight
microseconds OPLS-AA MD simulation. (B) Four microseconds AMBER03 simulation.

of 13 during the first 1 µs, partly reflecting the properties of the starting structure,
which has 18 hydrogen bonds present in the C-terminal fragment (Figure 3.31). During
the last 7 µs the number of hydrogen bonds fluctuates around an average of eight. In the
OPLS-AA results there is a presence of three classes of hydrogen bonds: highly
populated (above 80%, hydrogen bonds 13-18), partly populated (40%-65%, hydrogen
bonds 19-22 and 30-31), and mostly unpopulated (below 20%, hydrogen bonds 23-29)
(Figure 3.32). The distribution is quite broad, with a maximum at eight formed hydrogen
bonds. The average trajectory population over the 20 helical hydrogen bonds in the Cterminal hPYY fragment is 44% (nine residues) over the whole trajectory (49% in the
first 4 µs and 39% in the second 4 µs). This analysis shows a picture of a fluctuating
helix in which residues 23 to 29 are significantly disordered and residues 18 to 22 and 30
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Figure 3.33: The distribution of the total number of hydrogen bonded residues in the Cterminal fragment, residues 13 to 32. (A) Eight microseconds OPLS-AA MD simulation.
(B) Four microseconds AMBER03 simulation.

to 31 are partially disordered. In the AMBER03 simulation the number of hydrogen
bonds essentially fluctuates around an average of 17 throughout the 4 µs trajectory. For
AMBER03 the majority of the helical hydrogen bonds (for residues 13-27) exhibit high
populations (above 80%), and the remaining ones (residues 28-32) are partly populated
(40-70%).

The distribution of the number of hydrogen bonds is relatively narrow;

exhibiting a maximum at 15 hydrogen bonds, with the majority of structures having 1420 hydrogen bonds (Figure 3.33).

The trajectory average helical hydrogen bond

population over the 20 C-terminal residues is 84%, or 17 residues. In this simulation the
helix is highly stable, with some structure fluctuations at the ends, involving mostly
residues 13 and 28-32. Hydrogen bond properties show a slight variation with time, with
the overall h-bond population increasing from 79
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5% for the 0 to 2 s period to 89

1% for 2 to 4 s, with the uncertainties corresponding to the 95% confidence intervals of
the means of eight 0.25 s blocks.97

MD simulation: secondary structure analysis. The summary of DSSP secondary
structure of hPYY in our simulations is presented in Table 3.29. In the OPLS-AA MD
trajectory the dominant structural elements are coil (15 residues), helix (12.2 residues in α
and 310 forms) and turn (4 residues). No β-sheet structures were found in the MD
trajectory, but 0.6 residues on average populate a β-bridge conformation, which is the
starting point for sheet formation.

Additionally, the β-bridge formation primarily

involves reside 3 and 34 and the 310-helical hydrogen bonding occasionally occurs in the
C-terminus. The π-helical hydrogen bonding pattern does occur, but very rarely (in 40
structures of the 80,000). In the AMBER03 MD trajectory the dominant structural
elements are –helix (19.2 residues), coil (12.5 residues) and turn (2.2 residues). There
are also minor contributions from bend and 310-helix structures (0.6 and 0.1 residues,
respectively), and a tiny population of -bridge (0.03 residues on average). The DSSP
estimate of helix content is consistent with the presence of 17 –helical hydrogen bonds
found in our analysis above. Additional effects that appear are mostly coil structures of
the N-terminal segment and conformational flexibility of C-terminal end of the peptide,
in which residues 31 to 35 fluctuate between helix, coil, bend and turn.

Small

populations of 310-helix conformations transiently appear at the N-terminus and Cterminus.97
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MD simulations: kinetics. To obtain a measure of the time scales of fluctuations,
the autocorrelation functions (ACFs) of several properties were calculated, including
RMSD from starting structure, end-to-end-distance, number of hydrogen bonds and the

Table 3.29: Summary of DSSP secondary structure analysis for 80,000 structures from
the 8 µs OPLS-AA MD trajectory at 300 K, 100,000 structures from the 1 µs OPLS-AA
REMD trajectory of the 298.6 K replica, and 40,000 structures from the 4 µs AMBER03
MD trajectory at 300 K.

OPLS-AA MD
OPLS-AA REMD
AMBER03 MD

Coil

β-Sheet

β-Bridge

Turn

14.8
16.6
12.5

0
2.4
0

0.6
0.9
0

3.7
3.3
2.2

αHelix
10.3
3.4
19.2

310Helix
1.9
1.5
0.1

number of heavy atom contacts. Examples of several ACFs are shown in Figure 3.34.
The fits show that various quantities of interest exhibit relaxations on picosecond,
nanosecond and microsecond time scales. The OPLS-AA trajectory, in which the peptide
undergoes significant structural changes, contains examples of processes on time scales
of several microseconds. Based on Figure 3.34, the slowest component of RMSD from
the starting structure relaxes over 1 to 2 µs, the end-to-end distance and the number of
hydrogen bonds relaxes over 2 µs, while the tail-helix contacts relax over a 3 µs time
scale. In the AMBER03 trajectory, in which the hPYY structure remains close to the
NMR model, the fluctuations are three to five times faster, with the slowest components
of 0.2 to 0.6 µs for RMSD, 0.3 µs for end-to-end distance, 0.6 µs for number of hydrogen
bonds and 0.8 µs for the tail-helix contacts. The relaxation times describe the time scales
of the fluctuations found in these simulations. Given the lengths of the trajectories, the
longest time scales exhibit high levels of statistical uncertainty.97
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OPLS-AA MD and REMD simulations. Clustering of 40,000 structures from the 1
µs trajectory of the 298.6 K replica from the OPLS-AA REMD simulation yielded 630
clusters with a 3.0 Å radius (based on all Cα atom coordinates). The clusters are shown

Figure 3.34: Kinetics of hPYY in the MD trajectories. (A) OPLS-AA: autocorrelation
function of end-to-end distance (between Cα of residues 1 and 36); corresponding
relaxation time is τ = 1.6 µs. (B) OPLS-AA: autocorrelation function of total number of
main-chain hydrogen bonds; τ = 1.7 µs. (C) AMBER03: autocorrelation function of endto-end distance; τ = 0.3 µs. (D) AMBER03: autocorrelation function of total number of
main-chain hydrogen bonds; τ = 0.6 µs.

in Figure 3.35. The REMD simulation samples a much wider range of structures than
found in the MD. Generally, less α-helical content is seen in the REMD, with major
clusters corresponding to compact structures that are primarily disordered or have some
β-sheet content. Structures similar to those found using NMR data are also present in the
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REMD sample, but they constitute a minority. The REMD turn population is quite
similar to that seen in the MD. The β population (2.4 residues in β-sheet and 0.9 residues
in β-bridges) is comparable to the FTIR results indicting four residues is this population.
On average, the 298.6 K replica exhibited a 12% population of the experimental longrange NOE contacts and a helix content of about 25% (including both α and 310 helix

Figure 3.35: The structures corresponding to the most highly populated clusters from 1 µs
REMD simulation of hPYY with OPLS-AA force field, 298.6 K replica. Solvent and
ions removed for clarity.

types), both lower than seen in the MD trajectory. However, in the final stage of the
REMD simulation, the population of conserved NOE contacts converges to about 5% and
the population of hydrogen bonds converges to about 8%. The REMD trajectory of the
298.6 K replica thus converges to a region of conformational space that is very different
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from experimental data.

In the second half of the trajectory, the hydrogen bond

populations exhibit very little variation for temperatures between 280 and 400 K. Thus, it
is not possible to determine a helix melting curve from our calculations.
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CHAPTER FOUR
Discussion

Structure Formation Mechanisms of Human NPY and NPY Analogs
This study has investigated the secondary structural content of human NPY and
two NPY analogs: Y21W NPY and T32Wd NPY. This allows for a better understanding
of the native structure of NPY and how its structure influences its biological function. In
addition, Y21W NPY was constructed to contain a fluorescent probe to monitor the helixcoil kinetics of this peptide. The T32Wd NPY analog, a Y1 receptor antagonists, was
studied to further understand how the structure influences its receptor selectivity and
antagonistic action. Together, these studies further describe the biologically active NPY
system and how its structure is related to biological function.

Thermodynamic and Structural Studies
The structure of human NPY was analyzed in the monomeric form to gain a better
understanding of this peptide in its biologically active state (Fig 3.1). Previous NMR
measurements were performed at concentrations inducing dimerization of NPY,24 leading
to much debate on the solution structure of NPY in the literature. Therefore, further
studies were required to gain a full description of the structure of NPY. This study
provides a qualitative description of the peptide in the biologically active, monomeric
form. These structural studies indicate that NPY is primarily composed of an α-helical
structure, with 13 ± 2 residues in the helical form. It has been suggested previously that
the helical segment resides between residues 13 to 36,24, 28, 98 although no consensus has
been found. Another problem with these measurements is that they were all performed at
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concentrations of dimer formation.

Our results indicate that the helical segment is

comprised of 13 residues, consistent with Mierke and co-workers.98 Previous results also
do not discuss the extent of other minor components present, such as β-sheets and βturns, which together make up about 9 ± 2 residues as shown in the FTIR results. It has
also been found that Pro2, Pro5, and Pro8 are involved in a polyproline helix.24, 28, 98 The
turn component is responsible for bringing the N- and C-termini together to form the
classic PP-fold, orienting the α-helix and the polyproline helix into an antiparallel
conformation. Although the PP-fold has been debated for NPY, it has been suggested27
that upon peptide dimerization, the PP-fold is unfolded, therefore, previous NMR results
would not depict an accurate portrayal of NPY tertiary structure. NPY is found to be
active in concentrations in the nanomolar range in vivo, where the peptide more than
likely exists in the PP-fold conformation. This active conformation is important because
it is likely required to interact with receptors. The unordered segment is most likely
confined to the N-terminal segment and the last few residues of the C-terminal end which
have been found to be unstructured.24, 28, 98 The thermodynamic parameters from far UV
CD describe a stable peptide with a melting temperature (temperature where 50% of the
structure is ordered and 50% is unordered) of 297.2 K. Therefore, at physiological
temperature, the peptide equilibrium will be slightly shifted towards the unfolded form.
This may be advantageous because the peptide could remain fairly unstructured and
sample many conformations until it is in the presence of its receptor subtype. It has been
previously found that in a liphophilic environment, the helix content increases slightly.27
This flexible conformation may provide a structure that is able to adjust upon receptor
interaction, where it may then become a more rigid conformation. This could explain
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why the peptide can successfully bind/activate several receptor subtypes.

This

information allows for the further description of NPY in solution.
The mutant, Y21W NPY, was carefully designed in such a way that the helix-coil
transition for hNPY could be monitored. It has been previously found for a helical
peptide that a tryptophan in position one, and a histidine in position five allows the side
chains to interact when the backbone of residues one through five are in an α-helical
conformation.

When the histidine is protonated, it efficiently quenches tryptophan

fluorescence providing a probe for the presence of helical structure.52 This previous
design was carried over to the NPY peptide so that the helical structure could be
monitored. The primary sequence of wild type human NPY contains a tyrosine in
position 21 and a histidine at position 26, very similar to the amino acid distance used by
Tompson and co-workers.52 Therefore, the tyrosine was mutated to a tryptophan residue
and the measurement performed at a pH to ensure histidine protonation. Before the
helix-coil transition could be monitored, the structure of Y21W NPY had to be
thoroughly examined to ensure that the mutation did not alter the structure of NPY.
Therefore, the mutant, Y21W NPY, was studied to determine its structural similarities to
native hNPY (Fig 3.2 and Table 3.2). These results indicate very similar structures for
both Y21W NPY and hNPY which concludes that the kinetic results are accurate for the
native peptide. The structural analysis of Y21W NPY and native NPY indicates that both
peptides contain the same number of residues populating the helical and β-sheet
components, and contain only a two residue difference in the β-turns and unordered
conformation, which is in experimental error. This provides evidence for the correct
design of this mutant peptide to study the helix-coil transition of hNPY.
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The Y1 receptor antagonist, T32Wd NPY, shows a somewhat different
conformation than the native hNPY. The T32Wd mutation of NPY has been previously
postulated to induce a type II β-turn at that position, causing the C-terminus to fold back
over the PP-fold, rather than extend away from the helix.42 Our results indicate an
increase in the β-turn structure and a decrease in the helical component (Fig 3.3 and
Table 3.6) compared to the native NPY structure, supporting the previous postulations of
Balasubramaniam and co-workers.42 In the NMR structure of wild-type human NPY,24
the amphiphilic helix was found to span from residues 13 through 36. Therefore, the
mutation at position 32 causes disruption of this important helical component. This could
cause a shift in the agonistic properties of native NPY to the antagonistic properties of
T32Wd NPY, indicating that the structure of the C-terminus may be important for
agonistic activity.

It was also shown previously42 that only D-Trp caused these

antagonistic properties, as mutation to L-Trp and D-Phe (aromatic amino acid with
similar properties as Trp) resulted in agonistic activity.

D-Trp has been previously

shown to cause antagonistic activity in other peptide hormones, indicating that the
structure of the D-isomer is very important for antagonistic properties.42 The stability of
this mutant is also shifted to a more unfolded state (Fig 3.3 and Table 3.3) indicating that
the structure and therefore, the stability control the actions of this peptide. Together,
these results expand on the structure of T32Wd NPY and indicate that the structure of the
C-terminus is vital to agonistic activity of NPY.

Helix-Coil Kinetics of Y21W NPY
The helix-coil transition of Y21W hNPY was monitored to obtain the rates
involved in the unfolding transition. Since structural studies provide evidence that the
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Trp mutation did not greatly alter the secondary structural properties and stability of
hNPY, the helix-coil kinetics provide an accurate description of the folding process of
native NPY. It has been previously found that for peptides containing helical states, there
are distinct processes that occur when the helical state is stabilized or destabilized. The
peptides can gain or lose helices by passing over an energy barrier where one side of the
barrier represents the coil state and the other side represents the helix state. The process
of “zipping” and “unzipping” the helix can be observed as a collection of relaxations.52
Y21W hNPY was thermally unfolded (by jumping the temperature by about ten degrees)
and measuring its relaxation at both 290 K and 295 K (Fig 3.8), close to the melting
temperature of the peptide. These fluorescence traces produced relaxation curves that
could be fitted to single-exponential relaxations (Fig 3.8). The helix-coil transition could
be monitored due to the intrinsic properties and the correct positioning of the Trp probe.
The initial rapid decrease in fluorescence intensity results from the change in intrinsic
tryptophan fluorescence due to the change in temperature.52 For the measurement at 290
K, the single-exponential fit provides the relaxation rate (k) of 1.505 x 105 /s or 6.658 µs.
For the measurement at 295 K, the single-exponential fit provides the relaxation rate (k)
of 1.842 x 105 /s or 5.429 µs. These data both provide evidence that the folding process
of hNPY occurs on the microsecond time scale and that this process is temperature
dependent, shown in Figure 3.8 D. The apparent activation energy of this process is
about 6.0 cal/mol, indicating that there is an energy barrier that must be overcome before
full destabilization of NPY occurs. This plot also provides evidence that for about 90%
of the time, NPY relaxation follows a two-state process in which it transitions from the
helix to coil state without the formation of intermediates. However, for about 10% of the
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time the helix-coil transition does not follow a linear trend, indicating that the relaxation
occurs with the formation of intermediates. Thompson et al. previously measured the
helix-coil transition of a 21-residue helical peptide and also found that the kinetics could
be explained with a single-exponential relaxation; however, the rate of relaxation (3.3 x
106 /s or 303 ns)52 is much faster than the helix-coil transition found for human NPY.
This is the first time the helix-coil transition has been measured for human NPY,
providing insight into the formation of important secondary structural elements that are
vital for this peptide’s physiological function.

Membrane Translocation of Human NPY
Although biological activity is a key factor in understanding and developing
potent drugs, there are also other factors that must be considered. Factors such as
solubility, absorption, and biodegradation are equally as important. Because NPY is
found to participate in so many biological activities, from obesity to angiogenesis, it is
important to understand how this peptide can be utilized in the treatment of such diseases
and disorders because it has excellent potential in pharmaceutical uses. Since peptides
have become the center focus in drug development today, it is important to understand if
and how NPY may participate at this level. NPY has been previously suggested to
interact with the receptor subtypes in a hydrophobic environment;12, 34, 91 therefore, it was
postulated that NPY could have membrane translocation abilities.
Biological membranes are critical for maintaining life because they maintain a
hydrophobic barrier between the cytoplasm and external medium. This barrier allows
cells to regulate the entry of water-soluble molecules from the environment. This can
drastically limit the delivery of polar molecules such as peptides, nucleic acids and drugs
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to intracellular targets. Translocation of peptides is such an important area of research
because they could deliver diverse cargos such as proteins, drugs, and peptide nucleic
acids to intracellular targets.99
The parallel artificial membrane permeability assay (PAMPA) was the choice of
experimental design to examine NPY’s passive absorption properties. This technique
was introduced by Kansy el al. in 199861 to predict the oral absorption of new therapeutic
agents and has since gained acceptance in the pharmaceutical research field, with
predictions that this method will soon expire biological assays such as Caco-2 assays.100
This method has sense been validated by a number of researchers101-103 who have
demonstrated that PAMPA assay results of sets of compounds with known passive
absorption properties compare to known human absorption data. Also, it has been shown
that extremely stable bilayers are formed in the PAMPA assay comparative to membrane
bilayers found in the biological system.101, 102 Because the PAMPA assay can provide
concrete evidence of a drug or peptide’s ability to passively diffuse across a cellular
membrane, this was the design of choice to understand the passive diffusion properties of
NPY.
Because NPY contains five tyrosine residues, it was important to understand the
translocation of protected tyrosine, N-acetyl-L-tyrosinamide (NAYA), across the lipid
bilayer. This experiment was an important preliminary study to optimize experimental
conditions and to understand how the translocation of NPY compares to protected
tyrosine. The translocation of NAYA was examined at two different temperatures, room
and physiological, to determine temperature effects on translocation.

NAYA

translocation was also tested with DOPC and EPC lipid bilayers to investigate how the
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composition of a cell influences the diffusion rate of the molecule. It was also important
to observe if pH had an effect in this process since different organs function at different
localized pH gradients. And finally, in drug delivery systems, drug dosage is optimized
to treat the target effectively, therefore, the effect of concentration on translocation was
also important to determine. These investigations provide, for the first time, that NAYA
is capable of translocating across both EPC and DOPC membranes.

These results

indicate that at physiological temperature, the translocation for NAYA is considerably
greater.

Also, pH does not seem to have a significant influence on the rate of

translocation. The mechanism of translocation is however different across EPC bilayers
as it is across DOPC bilayers, indicating that both the cellular composition and the
properties of the translocating species will determine the mechanism of translocation.
Although there are large variations in the phospholipid composition of
mammalian membranes, egg lecithin (phosphatidylcholine) is capable of mimicking the
phospholipid composition of mammalian membranes100, 104 and was therefore chosen to
study NPY translcoation. These results show promising implementations in future drug
development. NPY is capable of passively diffusing almost entirely after 24 hours with
concentrations of ~50 µM (Fig 3.11 D) compared to starting concentration of ~54 µM.
This implies that NPY can passively diffuse almost 100% making it a powerful diffuser,
or a super-diffuser. However, the translocation of NPY followed a cooperative type
pattern and was not shown to passively translocate across the bilayer until about 18
hours. This cooperative type behavior is interesting because it indicates that the structure
of NPY must have changed for the translocation to quickly maximize at 24 hours. It is
known that in hydrophobic environments, such as the plasma membrane, peptides can
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readily adopt stable α-helical structures, which is the reason that transmembrane
receptors contain many helical segments. Therefore, it is possible that the structure of
NPY is moving slowly towards a more helical state over time, and once the structure is
optimal for translocation, maximum NPY translocation can occur. Although the rate of
NPY translocation may seem useless in acute treatment, it could be possible to alter the
amino acid sequence of NPY to stabilize its helical segment. There are also several
properties that have been shown to influence absorption of drugs, such the pKa of the
drug, the pH of the system at the permeation site, and the structure of the drug.104
Because structure influences function, it is interesting that the main secondary structure
of NPY is the α-helical component (Fig 3.1 and 3.2). This structural feature may be the
key element that allows for the translocation of NPY across the lipid bilayer. The
translocation mechanism of NPY would have to be further studied to understand exactly
how NPY is able to passively diffuse across the membrane or what structural changes
occur to allow NPY to suddenly translocate. The mechanism that allows translocation of
related oligomers remains unclear,99 nevertheless, this information allows for the
modification of NPY for better diffusion properties. Although only native NPY was
examined here, future studies could provide evidence of modifications to speed NPY
translocation. Previous research has shown that only a few peptides, such as bee venom
melittin89 and buforin 2105 are capable of diffusing across the lipid bilayer. Therefore,
because of the scarcity of peptide translocation capabilities, this research becomes even
more important.
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Characterization of the Neuropeptide Y family of Receptors
The three most important receptors of the Neuropeptide Y family, Y1, Y2, and Y5,
have been characterized utilizing an online modeling server to generate the threedimensional structures of these peptides.63, 64 The receptors all yielded models consistent
with a typical GPCR,90 with seven transmembrane helical segments, three extra-cellular
loops, and three intra-cellular loops. At the extra-cellular loop region, where the ligands
are postulated to bind,34, 36 a hydrophobic-like environment is present. Therefore, this
suggests the binding environment at which NPY and/or PYY must exist to activate their
receptor(s). This environment could induce important structural changes in NPY and
PYY which allow for its receptor selectivity. It could also be that the receptors, and not
the ligands, are capable of structural transformations to act as a receptor “on/off” switch.
Nonetheless, these models allow for a detailed description of secondary structural
predictions and exposure levels at each amino acid. The transmembrane segments for
each of these receptor subtypes were also predicted to be very similar. Also, the region
near TM3 is postulated to be important for ligand binding since this was a predicted
binding site of several model ligands, which is region not previously shown to interact
with NPY. In summary, a detailed description of these receptors has been created
through modeling.

The successful construction of these models provides detailed

descriptions about their secondary structures, environment at the predicted ligandinteraction interface, and a possible region for ligand interaction.

Neuropeptide Y Conclusions
A detailed study of NPY and the Y1 specific antagonist, T32Wd NPY, was carried
out to further understand how the structures of these peptides influence their functional
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aspects. These results suggest that the C-terminal helix is essential for its structural
integrity and thus altering this helix with the D-isomer of Trp changes both the peptide
structure and function. This is the first time the helix-coil transition of human NPY has
been examined which indicates that NPY relaxes over a period of microseconds. Also,
NPY was found to translocate the lipid bilayer, which could have future implications in
drug delivery. Thus, findings from this study provide new insights into the structurefunction relationship of NPY and T32Wd NPY, which may be a starting point for further
investigations in the neuropeptide Y family.

Structure Formation Mechanisms of Human PYY and PYY Analogs
This study has investigated the secondary structural content of human PYY and
PYY(3-36) and two mutants: Y21W PYY and Y19W PYY(3-36). This allows for a
better understanding of the native structure of PYY and PYY(3-36) and how their
structural differences lead to their biological functions. The two mutants of PYY and
PYY(3-36) were constructed with a fluorescent probe to monitor the unfolding transition
of these peptides. These structural studies are important to further understand how the
deletion of the two N-terminal amino acids can lead to receptor. Together, these studies
further describe the biologically active PYY system and how its structure is related to
biological function.

Thermodynamic and Structural Studies
Although the NMR structures of human PYY and human PYY(3-36) have been
solved,26 it is still unclear how the absence of the two N-terminal amino acids of PYY, to
form PYY(3-36), causes receptor selectivity. Therefore, these structural studies provide
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further insight into the differences between these two peptides. The thermodynamic
properties of PYY and PYY(3-36) have not been previously described. The CD analysis
of the melting curves provided thermodynamic properties for these two peptides which
indicated a much more stable structure for PYY compared to PYY(3-36) (Table 3.13 and
3.15). The melting temperature for PYY is about 33 K higher than PYY(3-36) and the
change in enthalpy also describes of much less stable structure for PYY(3-36). These
results provide the largest, first reported, difference between these two peptides.
However, the FTIR results indicate that the secondary structural components of each of
these peptides are very similar, where the α-helix segment is composed of 19 ± 2 residues
for both peptides. The FTIR analysis also provided other minor secondary structural
components such as turns and β-sheets (Table 3.17 and 3.19) which were also very
similar for the two peptides. Nygaard et al.26 reported that the structures of PYY and
PYY(3-36) are almost identical in the C-terminal region, supporting the FTIR findings.
Although the structural components may be very similar for both peptides, the CD results
indicate that there is a great loss in the stability of PYY(3-36). Keire and co-workers also
indicated that there were marked differences in the structures of these two PYY forms,19
supporting our CD results. It has been previously found that the antiparallel dipole
moment of the PP-fold stabilizes PYY which is a result of a number of acidic residues at
the N-terminal end of the helix (around the turn region) and a number of basic residues
located at the C-terminal end. NMR data26 suggests that the removal of the two Nterminal residues eliminates the Pro2-Tyr27 interaction, introducing both dynamics and
conformational changes in the overall structure. Because the overall tertiary structure is
disrupted for PYY(3-36), this could lead to the large thermodynamic fluctuations
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between these two peptides, suggesting that the overall three dimensional structure is
pertinent to its function. Because PYY(3-36) is a selective Y2 receptor agonists, this
suggests that the Y2 receptor activation requirements may not be as sensitive to the three
dimensional structure of the peptide, but rather, may require that the individual secondary
structural components are intact. However, because PYY(3-36) cannot activate the Y1
receptor subtype, the tertiary structure consisting of the PP-fold, could be a requirement
for activation of this receptor. These results provide significant differences between PYY
and PYY(3-36) indicating that their structure greatly influences their function.

Detailed Molecular Modeling of hPYY

Simulation Convergence
There are several indications that the 8 µs OPLS-AA MD trajectory is not
converged. First, the plot of RMSD from starting structure shows a continuing tendency
for increase during the whole simulation (Figure 3.25). While the number of hydrogen
bonds appears to fluctuate around a stable value in the final 7 µs (Figures 3.26 and 3.31),
the number of conserved NOEs exhibits a systematic decrease with time, falling from 17
at the start to 3 at the end of the simulation. Overall, based on this information, it is
concluded that this trajectory continues to explore new conformations and has not
converged.97
In the 4 µs AMBER03 MD trajectory most properties appear to be converged to
stable values. The RMSD (Figure 3.25) and tail-to-helix contacts (Figures 3.27-3.30)
appear to fluctuate around a stable average throughout the 4 µs trajectory. However, the
hydrogen bond populations (Figures 3.26 and 3.31-3.33) exhibit somewhat different
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behaviors in the first and second halves of the simulation.

There is a statistically

significant difference between the averages in the first and second half of the trajectory.
This might be explained either as due to equilibrium fluctuations with a correlation time
longer than 2 µs or due to relaxation of the hydrogen bonding network to an equilibrium
state over the first 2 µs of the trajectory. This difference cannot be resolved without a
significant increase in simulation time.

In any case, since full folding/unfolding

transitions have not been observed, it is clear that this trajectory has not yet sampled the
full range of equilibrium fluctuations of hPYY at 300 K.97

Comparison of simulations with experimental data.

In the NMR structure

determination,26 the authors used additional helical constraints to obtain a series of
models in which the C-terminus is a regular helix, which might lead to overestimation of
helix content. The average helix content for the residues 13 to 32 in the 20 NMR
structures,26 obtained using DSSP,76 was 86% (corresponding to 17 residues in helical
conformation), with residues 16 through 20 exhibiting an α-helical conformation in all
models. Similarly, the FTIR and CD measurements indicate the presence of about 19
residues in helical conformation at room temperature.97
The OPLS-AA MD trajectory shows relatively large deviations from
experimental data while some aspects are reasonably reproduced. The N-terminal tail
remains disordered and tends to fluctuate around conformations similar to the starting
NMR structure. The central turn is maintained in the trajectory, and the small but
meaningful β-bridge content agrees with the FTIR data. However, the average trajectory
helix content in the C-terminal fragment of 10 residues (or 12 residues if both the α- and
the 310-helix is included) is significantly below the different experimental estimates
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described above. A qualitative difference is that the simulations predict disorder in the
central part of the C-terminal helix, which appears to be the most stable region based on
the NMR structures. The long-range inter-residue contacts are quite poorly reproduced
by the OPLSAA MD, with the number of predicted NOE contacts exhibiting a systematic
decrease during the simulation, falling from 17 at the start to 3 at the end of the
trajectory. Thus, the trajectory appears to be slowly moving away from the starting
structure, loosing the initial helical content and long-range contacts. This property of the
OPLS-AA force field is most evident in the REMD simulation results, which mostly
sample structures very different from the NMR “hairpin” type, with low helix content and
larger contribution from β-sheets.97
The structures sampled in the AMBER03 MD simulation mostly agree quite well
with available experimental data. The RMSD between trajectory structures and the
starting NMR structure is quite large, but this may be explained by the presence of a wide
range of relative arrangements of the N- and C-terminal fragments in the simulation. The
C-terminal helix is highly stable in this trajectory, remaining close to the starting NMR
structure, with the predicted helix content of 17 to 19 residues in excellent agreement
with NMR26 and FTIR measurements. The partial disorder in the last few residues and
transient formation of 310-helix structures also agree with a detailed analysis of the NMR
ensemble.26 Importantly, the long-range inter-residue contacts between the disordered Nterminal tail and the C-terminal helix agree very well with NOE measurements, with 80%
of the 27 contacts present in the trajectory structures, on average.

Also, the turn

separating the two hPYY segments is maintained in the AMBER03 trajectory. No
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significant β-sheet population is seen in this trajectory, with only a trace presence of a βbridge.97

Helix Stability in the OPLS-AA Force Field
In the simulations using the OPLS-AA force field there is a systematic
underestimation of α-helix populations. Compared to the experimental measurements,
the predicted helix content is lower by a factor of two in the MD and by a factor of six
(using whole trajectory average) to twelve (using average over second half of trajectory)
in the REMD. Interestingly, probably because the β-sheet is not a major structural
element of hPYY, there is not a direct β-sheet over stabilization by OPLS-AA, as
reported previously.106 However, there is a definite under stabilization of the α-helix by
this force field, i.e. OPLS-AA underestimates the stability of the α-helix relative to other
structures for hPYY. It is worth noting that quite subtle changes in parameterization may
lead to relatively large conformational effects, e.g. changes in helix population by a factor
of 2 correspond to free energy differences of only about 0.4 kcal/mol at 300 K.
Interestingly, the OPLS-AA REMD simulations predicted a comparable low presence of
β-sheet and α-helix structures for hPYY. While the former is in accord with the FTIR
measurements, the latter does not agree with experimental observations. Overall, the
OPLS-AA force field does not correctly describe the major structural features of the
hPYY peptide in solution. One way to analyze helix stability is through generation of
melting curves. Although the hPYY REMD simulations did not yield a melting curve,
calculated REMD melting curves have been previously calculated for a model peptide
(blocked pentaalanine) using several force fields.107 The values of calculated melting
temperatures were 20-30 K for OPLS-AA and 190 K for AMBER03 simulations,
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compared to a 271 K experimental value.107 These results are in agreement with the
current simulations, confirming better description of helix stability by AMBER03
compared to OPLS-AA.97

hPYY Tertiary Structure and Fluctuations
Experimental studies, including NMR measurements26 and the CD and FTIR
results indicate that the presence of the C-terminal helix and presence of extensive helix
tail contacts are the main features of PYY structure. From the simulations we can see
that the AMBER03 results agree with experimental data and maintain both the helix and
the helix-tail contacts, while the OPLSAA results disagree with experimental data and
show partial loss of the helix and almost complete loss of helix-tail contacts. This
suggests that the presence of a stable C-terminal α-helix is a crucial feature needed for
hPYY stability. Apparently, the existence of a stable helix also leads to formation of
most of the experimentally observed contacts between the N-terminal and C-terminal
segments. The AMBER03 simulations provide a model of the C-terminal helix that is in
excellent agreement with CD, FTIR and NMR26 results. The structures and fluctuations
seen in the AMBER trajectory may thus be considered as realistic representations of the
properties of hPYY in solution. Based on the examples of structures (Figure 3.24), the
main deformations of the NMR “hairpin” structure, which contribute to the ensemble of
hPYY conformers sampled in solution, involve partial unfolding of C-terminal end of the
helix, breaking of helix-tail contacts at the N-terminus, reorientations of the turn relative
to rest of peptide, and relative motions of the N-terminal tail relative to the C-terminal
helix both in, and perpendicular to, the “hairpin” plane.97
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Relation between PYY Tertiary Structure and Biological Function
It is generally recognized that the detailed structure of PYY is critical for the
activation of its specific receptors. Both secondary and tertiary structural changes were
found when comparing the full peptide, PYY-(1-36), with forms that were mutated,
[Pro34]-PYY (or Q34P), or truncated, PYY-(3-36).19 The observed structural changes
lead to differences in receptor selectivity, with [Pro34]-PYY exhibiting strong
preferential binding to Y1 relative to Y2, and PYY-(3-36) having the opposite
preference.19 PYY-(13-36), another specific Y2-agonist, exhibits structural similarity to
PYY-(3-36).32 Because binding to one specific Y receptor subtype activates a certain
intracellular pathway, it is important to understand what structural features may cause, for
example, angiogenesis (mediated through Y2 receptors) versus vasoconstriction
(mediated through Y1),39 which is important in several diseases such as hypertension and
cancer progression. Previously, Sylte and co-workers simulated neuropeptide-receptor
interactions using a simplified solvation treatment and a three-dimensional model of the
human Y1 receptor.15

They found an important role of electrostatic forces in the

interactions, involvement of PYY residues 1-4 and 36 in the contact and suggested that
movement of Y1 transmembrane helices 5 and 6 could provide the structural changes
required for receptor activation.15 However, the exact structural features required for
PYY biological activity and the biological consequences of structural alteration remain
mostly unknown.97

PYY Conclusions
This investigation explores the structure of human PYY through experimental and
computational methods and the structure of PYY(3-36) through experimental methods to
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provide some insights into the biological activity of these peptides.

These results

suggests that the C-terminal helix is crucial for hPYY structural integrity and that the
main conformational fluctuations involve fraying of the helix end and motions of the first
few residues of the N-terminal tail. Thus, truncation of the first two residues in PYY-(336) may extend the mobile region of the N-terminal, weakening the extensive N- to Cterminal contacts, as observed experimentally,26 changing both the peptide structure and
function.108 Thus, the structural fluctuations found in this study provide new insights into
the structure-function relationship of PYY and PYY(3-36), which may be a starting point
for further joint investigations of other systems from the neuropeptide Y family.
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CHAPTER FIVE
Introduction: Secondary Structure Formation
Structure Formation Mechanisms of α-Helix and β-Hairpin Secondary Structures

Secondary Structures
The formation of secondary structures is one of the most fundamental processes in
protein folding. To obtain a detailed understanding of protein folding it is useful to study
peptide models that provide well defined stable structures in solution. There are several
diseases caused by protein misfolding such as Alzheimer’s Disease, Parkinson’s Disease,
and Huntington’s Disease, making the protein folding problem an important area of
research.109 A solid understanding of the fundamentals of protein folding is still lacking
and for this reason, it is essential to study small peptide systems that represent subunits of
a larger protein. These studies allow for a variety of measurements that can be performed
on stable structures with known conformations. Since it has been previously found that
NPY and PYY are composed of secondary structures such as helices and turns, it is
important to expand on secondary structure formation to understand the fundamentals of
NPY and PYY folding/unfolding mechanisms. The peptide models chosen for these
studies represent two of the most prevalent types of secondary structures: α-helix and βhairpin. In addition, the 310-helix and the π-helix are studied because they have been
known to be common deformations at the ends of α-helical segments.110 With this study,
the fundamentals of protein/peptide folding mechanisms will be further expanded on and
can be utilized in understanding the formation of the basic structures present in NPY and
PYY.
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Secondary structure: α-helix. The α-helix is an important structure to study since
it is one of the most common secondary structural motifs, representing ~80% of the total
helix occurrence.110 The α-helix consists of a right-handed coil with dihedral angles of φ
= -57 degrees and ψ = -47 degrees. The α-helix has a periodicity of 3.6 residues per turn,
encloses 13 atoms in a ring by the formation of hydrogen bonds (C=O···H-N) in the
bonding pattern of i,i+4, and is hence also called 3.613-helix.111, 112 On average α-helices
are usually ten to twelve amino acids long.111 It is important to study and understand the
folding/unfolding process of the α-helix to recognize how proteins arrive at their native
structures.

It has been found that alanine-based peptides form stable helices in

solution,52, 113, 114 therefore, the makeup of the helix peptide model system studied here
contains a chain of predominantly alanines with a total of 21 amino acids.52 This model
system also contains a single tryptophan and histidine which interact to significantly
quench fluorescence, necessary to probe the folding reaction. The sequence of this αhelix model (Ac-WAAAH-(AAARA)3A-NH2) contains Trp in the first position and His
in the fifth position (W1-H5-21) to make the i,i+4 stabilizing hydrogen bond associated
with this secondary structure.52 Since fluorescence spectra of proteins are due to the
indole side chain of Trp, an intramolecular interaction between Trp and protonated His
should reduce the total quantum yield of the molecule. Therefore, as destabilization is
induced by either chemical denaturant or by thermal means, the unfolding process can be
followed as the quantum yield of Trp will increase during this process. Because a
protonated imidazole ring (of His) will form a charge-transfer complex with the indole
ring of Trp, these experiments are carried out in acidic conditions to protonate the His
and at pH 7.2, where no protonation occurs.115
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This 21-residue model system has

provided a means of studying an important stable secondary structure pertinent to the
function of larger-scale proteins and peptides.

Secondary structure: 310-helix. The 310-helix is the second most common helical
secondary structure, making up about 20% of the helices known; however, there are only
3 to 4% of 310-helices in crystal structures,112 making them the fourth most common type
of secondary structure in proteins after α-helices, β-sheets, and β-turns.112, 116 The 310helix consists of a right-handed coil with dihedral angles of φ = -49 degrees and ψ = -27
degrees. The 310-helix has a periodicity of 3.12 residues per turn, encloses 10 atoms in a
ring by the formation of hydrogen bonds (C=O···H-N) in the bonding pattern of i,i+3, and
is hence also called 3.1210-helix, or the 310-helix.111, 112 Most 310-helices are short and are
only three or five residues long, compared to the α-helix which are on average ten to
twelve residues long.111, 112 310-helices are most commonly found as N- or C-terminal
extensions to an α-helix. About 32% of the helices in crystal structures were found to
contain a 310-helical hydrogen bonding pattern at their N-termini and about 34% were
found to contain this helical segment at their C-termini.112Therefore, this helix has been
postulated to be an important intermediate in the folding/unfolding of α-helices.
Supporting this idea is the suggestion that there is a lower entropic penalty for the
necessary loop closer for the formation of i,i+3 versus i,i+4 hydrogen bonds. The 310helix peptide model system studied here also contains a chain of predominantly alanines
with a total of 21 amino acids. Like the α-helix model system, this model also contains a
single tryptophan and histidine to allow the folding transition to be monitored. The
sequence of this 310-helix model (Ac-WAAH-(AARA)4A-NH2) contains Trp in the first
position and His in the fourth position (W1-H4-21) to make the i,i+3 stabilizing hydrogen
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bond associated with the 310-helix secondary structure. Like the design of the α-helical
model, an intramolecular interaction between Trp and His should reduce the total
quantum yield of the molecule. Therefore, the unfolding of this peptide can be probed by
analyzing the fluorescence intensity of the Trp as a function of temperature.
Secondary structure: π-helix. The π-helix is the least common helical secondary
structure, making up less than 3% of the helices known. The π-helix consists of a righthanded coil with torsional angles of φ = -57 degrees and ψ = -70 degrees. The π-helix
has a periodicity of 4.4 residues per turn, encloses 16 atoms in a ring by the formation of
hydrogen bonds between the carbonyl oxygen (i) and the amide nitrogen atom (i+5) in
the bonding pattern of i,i+5, and is hence also called 4.416-helix.112 The π-helix is more
loosely constructed than the α- and 310-helix and has been postulated to be disfavored for
several reasons. First, the dihedral angles are unflavored. Two, the hydrogen bonding
pattern creates a 1 Å hole in the center of the coil that is wide enough to create a loss of
van der Waals interactions, but too narrow to accommodate a water molecule for
compensation. Finally, for the formation of a π-helix, four residues need to be correctly
aligned to allow the collinear i to i+5 hydrogen bond to form.117 Weaver et al. completed
a study where they scanned through the Brookhaven Protein Data Bank to identify
structures with potential π-helices. Of the over six thousand protein entries in this data
bank, only eight were found to contain π-helices. All of these eight proteins contained
specific binding sites which were all comprised of the π-helix, forming a direct
connection between structure and function.117 To examine structural properties of the πhelix, the peptide Ac-WAAAAH-(AAAARA)2AAA-NH2 (W1-H6-21) can be used to
form the i,i+5 hydrogen bond pattern. Like the α-helix and 310-helix model systems, this
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peptide contains the positioning of Trp and His so that their intramolecular interaction
will decrease the quantum yield of the peptide, then upon unfolding the peptide by
thermal means, the quantum yield will increase as the Trp is exposed to the environment.
The stability of this secondary structure can then be further expanded upon to understand
why there is such a low prevalence of this structure found in nature.
Secondary structure: β-sheet. The second type of secondary structure analyzed is
the β-hairpin. This structure is the simplest protein motif involving two β-strands that are
oriented in an antiparallel arrangement and linked by a short loop.

β-hairpins can

typically occur in isolation or can be hydrogen bonded together to comprise a β-sheet
structure. A stable β-hairpin has been identified in aqueous solution which contains 16
amino acids and represents the second hairpin (residues 41 to 56) of the Ig-binding
domain of streptococcal protein G.114,

118, 119

This model system also includes a single

tryptophan buried in a hydrophobic cluster; therefore, this Trp can be utilized as a probe
to monitor the unfolding reaction.120 It is useful to study its formation since the β-hairpin
is the simplest protein motif with two β-strands, providing information on the structure
formation that influences the function of proteins containing this type of structural motif.
Förster Resonance Energy Transfer (FRET)
Applications of direct biophysical techniques can be employed to assess the
structure and dynamics of small peptide systems. An important fluorescence method to
investigate protein folding at the molecular level is Förster resonance energy transfer
(FRET). The ultimate goal of FRET is a time-resolved observation of individual protein
folding events on the single-molecular level. This technique provides information on the
distance of a donor-acceptor pair as a function of time as the molecule transists from the
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folded to the unfolded state. FRET is able to provide quantitative information on actual
intramolecular distances providing a detailed picture of molecular dynamics through the
unfolding event.121 Efficient energy transfer depends on several properties such as the
dipole orientation and the distance between the donor and acceptor.

The emission

spectrum of the donor must have sufficient spectral overlap with the excitation spectrum
of the acceptor to provide a working system for the donor to directly transfer its
excitation energy to the acceptor through long-range dipole-dipole intermolecular
coupling. Resonance energy transfer is a non-radiative process in which when energy is
transferred, the acceptor molecule quenches the donor molecule fluorescence and an
increase in acceptor emission is observed.

As a result, the ability of the donor

fluorophore to transfer its excitation energy to the acceptor by non-radiative interaction
decreases with increasing distance between donor and acceptor. In other words, energy
transfer efficiency is strongly affected by the interfluorophore distance which is provided
as the Förster distance (R0) at which FRET efficiency is 50%.

As a result,

interfluorophore distance of ½ R0 can yield quantitative energy transfer, however, a
distance of 2 R0 will have a separation too large causing nearly undetectable energy
transfer. The donor-acceptor pair chosen for these studies is Trp and Dansyl. The
Förster radius for this particular pair is 21Å, providing sufficient interfluorophore
distance for studies with our helical and hairpin systems.122
Chemical Denaturation and Stabilization
It has also been shown that the solvent-system has profound effects on protein
stability, structure, and function. Chemical denaturation can also be used to perturb
protein stability and osmolytes can be used to counteract these affects to study protein
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unfolding. The two most common chemical denaturants and osmolytes are urea and Ntrimethylamine oxide (TMAO), respectively. Although urea’s mechanism of action is
not completely understood, the widespread thought is that urea can act both directly and
indirectly on the protein or can have a combination of direct and indirect effects. First,
urea can act indirectly by perturbing the water structure, introducing the more nonpolar
groups to environment, thereby disrupting the hydrophobic effect of the protein. Second,
urea can directly interact with the protein’s backbone and amino acids which is thereby
preceded by the influx of water and urea into the perturbed hydrophobic core. Urea has
been found to interact with the nonpolar and aromatic amino acids the most, and the least
with the charged amino acids.123,
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The mechanism of action of TMAO is also not

completely understood. Osmolytes are typically called compatible solutes because they
are hypothesized not interact with proteins in damaging ways, allowing them to be up- or
down-regulated with little impact on cellular function. It is hypothesized that osmolytes
do not bind to proteins, but rather, are excluded from a protein’s hydration layer. This
repulsion causes proteins to fold more compactly, decreasing the TMAO exposure to the
peptide backbone. In fact, it has been found that TMAO enhances water structure by
causing greater hydrogen bonding among water molecules, thus reducing the hydrogenbond partners available to the protein backbone.125-127
These studies provide useful means not only to study protein stability and the
folding process, but also to understand how and if osmolytes can act to rescue misfolded
proteins in human diseases. A combined approach such as this provides a more thorough
means of investigating the protein folding problem and to further expand on how the
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basic secondary structures (helices and hairpins) can be stabilized for destabilized in the
cellular system.
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CHAPTER SIX
Materials and Methods: Secondary Structure Formation
Structural Analysis of Helical and β-Hairpin Peptides

Peptide Sequences and Sources
The 21-residue helical peptide Ac-WAAH-(AARA)4A-NH2 (W1-H4-21) and its
dansylated

form,

Ac-WAAH-(AARA)4AK-(dansyl)-NH2

(dan-W1-H4-21)

were

purchased from California Peptide Research, Inc. (Napa, CA, USA) and GenScript
Corporation (Piscataway, NJ, USA), respectively and were >95% pure. The 21-residue
helical peptide Ac-WAAAH-(AAARA)3A-NH2 (W1-H5-21) and its dansylated form, AcWAAAH-(AAARA)3AK-(dansyl)-NH2 (dan-W1-H5-21) were purchased from California
Peptide Research, Inc. (Napa, CA, USA) and GenScript Corporation (Piscataway, NJ,
USA), respectively and were >95% pure.

And the 21-residue helical peptide Ac-

WAAAAH-(AAAARA)2AAA-NH2 (W1-H6-21) and its dansylated form, Ac-WAAAAH(AAAARA)2AAAK-(dansyl)-NH2 (dan-W1-H6-21) were purchased from California
Peptide Research, Inc. (Napa, CA, USA) and GenScript Corporation (Piscataway, NJ,
USA), respectively and were >95% pure.

The 16-residue beta hairpin peptide,

GEWTYDDATKTFTVTE, and its dansylated form, GEWTYDDATKTFTVTEK(dansyl), were purchased from GenScript Corporation (Piscataway, NJ, USA) and were
>95% pure. For experiments, the peptide concentrations were determined from the
absorbance of tryptophan at 280 nm using an extinction coefficient of 5690 M-1cm-1.
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Thermodynamic and Structural Studies

Circular dichroism spectroscopy of the helical peptides. Temperature dependent
far UV circular dichroism measurements of the dansylated and non-dansylated forms of
the helical peptides (W1-H4-21, W1-H5-21, and W1-H6-21), in both 20 mM acetate buffer,
pH 4.8 and 20 mM phosphate buffer, pH 7.2, were performed on a JASCO 815
spectropolarimeter (Tokyo, Japan) using a 0.5 mm path length cylindrical cell and
concentrations of ~175 µM. Scans were measured from 266 to 360 K in 10 degree
increments and for the melting curves the wavelength was fixed to 222 nm. An estimate
of the thermodynamic properties of the helical peptides as a function of temperature were
obtained by fitting the melting curve from far UV CD with a two-state equilibrium model
using the EXAM program.51 Based on a conservative estimate, the error in the fitting
process is found to be about 5%. The error observed here is in the similar range as found
in previous analysis.52-54
Circular dichroism spectroscopy of the β-hairpin peptides.
dependent far UV circular dichroism

Temperature

measurements of the dansylated and non-

dansylated β-hairpin in 20 mM phosphate buffer, pH 7.2, were performed on a JASCO
815 spectropolarimeter (Tokyo, Japan) using a 0.5 mm path length cylindrical cell and
concentrations of ~175 µM. Scans were measured from 266 to 360 K in 10 degree
increments and for the melting curves the wavelength was fixed to 201 nm. An estimate
of the thermodynamic properties of the as a function of temperature could not be obtained
by fitting the melting curve from far UV CD with a two-state equilibrium model using
the EXAM program,51 therefore, the thermodynamic properties were not extracted.
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Fourier transform infrared spectroscopy.

Fourier transform infrared (FTIR)

measurements were performed with the dansylated and non-dansylated W1-H5-21, nondansylated W1-H4-21, non-dansylated W1-H6-21, and β-hairpin peptides at 298 K. The
helical peptides were dissolved in 20 mM acetate buffer, pH 4.8 and the β-hairpin
peptides were dissolved in 20 mM phosphate buffer, pH 7.2. All peptide concentrations
were prepared at concentrations of ~700 µM in the appropriate buffer. The peptides were
measured with CaF2 windows with a 15 µm Teflon spacer to obtain a detectable spectrum
in the amide I band region. Measurements were collected from 400 to 4000 cm-1 with
5000 scans and a resolution of 1 cm-1 using a Thermo Nicolet Nexus 670 FT-IR equipped
with a XT-KBr beamsplitter and DTGS KBr detector. The buffer solution was subtracted
using the OMNIC software (Thermo Electron Corporation).

Data analysis was

performed with OMNIC software (Thermo Electron Corporation) utilizing Fourier self
deconvolution (FSD) and curve fitting procedures using least square fits with Gaussian
profiles.

End-to-End Distances from Förster Resonance Energy Transfer

Temperature dependent fluorescence spectroscopy. The intrinsic fluorescence of
the individual Trp residue in the non-dansylated peptides and in the dansylated peptides
undergoing Förster resonance energy transfer (FRET) from the Trp to dansyl group were
measured on a Horiba Jobin Yvon Fluorolog (Edison, NJ, USA). The helical peptides
were prepared in both 20 mM acetate buffer, pH 4.8 and 20 mM phosphate buffer, pH
7.2. The β-hairpin peptides were prepared in 20 mM phosphate buffer, pH 7.2. All
samples were excited at 280 nm and their emission spectra were recorded from -5 to 90
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°C in 5 °C increments and allowed to equilibrate at each temperature for 5 minutes. The
integration time was set to 1.0 second. The emission profiles for the non-dansylated
peptides were measured from 285 to 525 nm and from 285 to 800 nm for the dansylated
peptides.

Calculation of donor-acceptor apparent distance.

The

fluorescence

spectra

were then used to calculate the end-to-end distance (distance from donor to acceptor) for
each peptide. The Förster equation relates the energy transfer efficiency between the
donor and acceptor (E) with distance (r):
r = Ro[(1/E) – 1]1/6
Where Ro is the Förster radius at which the transfer efficiency is 50% and specific for a
particular donor-acceptor pair.

The Förster radius has been previously derived

experimentally and found to be 21 Å for the Trp and dansyl pair which was used in the
calculation of distances. The Förster radius is found experimentally through:
Ro = (Jκ2Qon-4)1/6x9.7x103
Where J is the spectral overlap integral between donor and acceptor, κ2, is the orientation
of the donor and acceptor dipoles, n is the refractive index of the medium between the
donor and acceptor, and Qo is the quantum yield of the energy donor in the absence of
acceptor.29, 122, 128, 129 The energy transfer efficiency (E) is derived from:
E = 1-FDA/FD
Where FDA is the fluorescence intensity of the donor in the presence of the acceptor and
FD is the fluorescence intensity of the donor in the absence of acceptor.29, 128, 129 To obtain
FDA and FD, the fluorescence emission spectra of each peptide, at each temperature, were
integrated between 285-460 nm.29
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Osmolyte and Denaturant Studies

Circular dichroism spectroscopy of W1-H4-21 and W1-H6-21.

Temperature

dependent far UV circular dichroism measurements of W1-H4-21 and W1-H6-21 as a
function of osmolyte, trimethylamine N-oxide (TMAO), and denaturant, urea, were
measured. Each of the peptides were dissolved in 25 mM, 50 mM, and 100 mM TMAO
and 25 mM, 50 mM, and 100 mM urea, pH 4.8. Measurements were performed on a
JASCO 815 spectropolarimeter (Tokyo, Japan) using a 0.5 mm path length cylindrical
cell and concentrations of ~150 µM. Scans were measured from 266 to 360 K in 10
degree increments and for the melting curves the wavelength was fixed to 222 nm. An
estimate of the thermodynamic properties of the helical peptides as a function of
temperature were obtained by fitting the melting curve from far UV CD with a two-state
equilibrium model using the EXAM program,51 with the error in the fitting process found
to be about 5%.52-54

Förster resonance energy transfer for W1-H5-21.

Temperature dependent

fluorescence spectroscopy was performed for dansylated and non-dansylated W1-H5-21
as a function of urea concentration.

The peptides were dissolved in 1 M, 2 M, 3 M, 4

M, 5 M, 6 M, and 7 M urea at pH 4.8. The intrinsic fluorescence of the Trp residue in
each peptide was measured on a Horiba Jobin Yvon Fluorolog (Edison, NJ, USA). The
emission spectra were recorded from -5 to 90 °C in 5 °C increments and allowed to
equilibrate at each temperature for 5 minutes. The integration time was set to 1.0 second.
For these studies the FRET efficiencies were found utilizing a method adopted by
Overton et al.122 where the W1-H5-21 peptide was excited at 280 nm for each of the
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corresponding urea solutions and their emission profiles were measured from 285 to 525
nm and the dansylated W1-H5-21 peptide was excited at the dansyl absorption maximum
(326 nm) and its emission measured from 400 to 800 nm in each urea solution. The same
conditions were used for the according buffer scans which were then subtracted from the
appropriate peptide spectrums.
When distance calculations are not required, an approach by Overton et al.122 can
be used to simply calculate the apparent FRET efficiency. This method provides suitable
means to relatively quantify the extent of FRET between tagged molecules or to estimate
conformational changes within one molecule. For the dansylated samples in which the
donor was excited, the integration of fluorescence intensity of the Trp was taken. For
experiments including direct excitation of the acceptor, dansyl group, integration of the
dansyl peak was calculated. These two values were utilized to calculate the apparent
FRET efficiency as a ratio of the FRET signal to the signal observed by direct excitation
of the acceptor. Although Eapp cannot be utilized to determine distance (r), it is useful to
understand how the chemical denaturant affects the unfolding pathway of this peptide,
where a shorter mean spatial distance will have a higher relative FRET efficiency.30, 122

154

CHAPTER SEVEN
Results: Secondary Structure Formation
Structural Analysis of Helical and β-Hairpin Peptides

Thermodynamic and Structural Studies

Circular dichroism of helical peptides. Analysis of the temperature-dependent far
UV CD of the dansylated and non-dansylated W1-H4-21 (Fig. 7.1 and 7.2), W1-H5-21
(Fig. 7.3 and 7.4), and W1-H6-21 (Fig. 7.5 and 7.6) at both pH 4.8 and pH 7.2 were
performed to analyze their secondary structures. These studies confirm that the addition
of the dansyl acceptor group does not significantly alter their overall structures which
ensure that the end-to-end distances calculated are a good representation of the native
peptides. These far UV CD of were recorded as a function of temperature between 266 K
and 363 K and singular value decomposition (SVD) was applied to the CD data to
resolve the spectral components.54,

78, 79

The melting curves for each of the helical

peptides were generated by fixing the wavelength at 222 nm as a function of temperature
and their thermodynamic properties were extracted. The entropy is solved for through Tm
= ΔH/ΔS. The Gibbs free energy is calculated utilizing ΔG298 = ΔH – TΔS and the
equilibrium constant is found through ΔG298 = -RT ln(K).
The far UV CD spectra of non-dansylated and dansylated W1-H4-21 at pH 4.8 is
shown in Fig. 7.1 A and B. These spectra both contain a maximum around 190 nm and
two minima around 208 and 222 nm, indicative of helical secondary structure. The SVD
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Figure 7.1: Far UV CD of dansylated and non-dansylated W1-H4-21 at pH 4.8. (A) Far
UV CD of W1-H4-21 from 266 K to 363 K. (B) Far UV CD of dan-W1-H4-21 from 266
K to 363 K. (C) SVD analysis of W1-H4-21 indicates two main spectral components
(blue-first component; red-second component). (D) SVD analysis of dan-W1-H4-21
indicates two main spectral components (blue-first component; red-second component).
(E) Melting curve of W1-H4-21 from far UV CD with the EXAM fit shown in red. (F)
Melting curve of dan-W1-H4-21 from far UV CD with the EXAM fit shown in red.
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of both forms of this peptide (Fig. 7.1 C and D) identifies two well resolved structural
components. The first component of both peptides shows two minima at 208 nm and 222
nm and a maximum at 190 nm, confirming the helical secondary structure. The second
components show a minimum at 200 nm indicating the presence of random-coil like

Table 7.1: Thermodynamic parameters for the folding transition of non-dansylated and
dansylated W1-H4-21 obtained from the two-state fit of the circular dichroism data. ΔH
– enthalpy change, ΔS – entropy change, ΔG298 and K298 – free energy change and
equilibrium constant at 298.15 K, Tm – midpoint transition.

Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol·K)
K298
structures.

pH 4.8
W1-H4-21-nd
W1-H4-21-d
275.9
282.1
-13.9
-13.5
-50.3
-48.0
1.1
0.76
0.15
0.28

pH 7.2
W1-H4-21-nd
W1-H4-21-d
289.6
294.9
-16.1
-17.6
-55.4
-59.6
0.46
0.18
0.46
0.74

All other SVD components could not be resolved in a straightforward

manner. The melting curves for the W1-H4-21 peptides are shown in Figure 7.1 E and F.
A two-state fit to the temperature denaturation curves shows a melting temperature of the
dansylated form to be 282.1 K and 275.9 K for the non-dansylated form, indicating that
the dansylated form is slightly more stable. The enthalpy for the dansylated W1-H4-21 is
-13.5 kcal/mol and -13.9 kcal/mol for the non-dansylated peptide. The thermodynamic
parameters for the folding transition are presented in Table 7.1. The thermodynamic
profile gives insight into the stability of the peptides, showing there is no significant
change upon peptide dansylation.
The far UV CD spectra of non-dansylated and dansylated W1-H4-21 at pH 7.2 is
shown in Figure 7.2 A and B. Similar to pH 4.8, both the non-dansylated and dansylated
forms show two minima around 208 nm and 222 nm and one maximum at 190 nm,
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Figure 7.2: Far UV CD of dansylated and non-dansylated W1-H4-21 at pH 7.2. (A) Far
UV CD of W1-H4-21 from 266 K to 363 K. (B) Far UV CD of dan-W1-H4-21 from 266
K to 363 K. (C) SVD analysis of W1-H4-21 indicates two main spectral components
(blue-first component; red-second component). (D) SVD analysis of dan-W1-H4-21
indicates two main spectral components (blue-first component; red-second component).
(E) Melting curve of W1-H4-21 from far UV CD with the EXAM fit shown in red. (F)
Melting curve of dan-W1-H4-21 from far UV CD with the EXAM fit shown in red.
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indicative of a helical structure. The SVD of these peptides at pH 7.2 (Fig. 7.2 C and D)
shows two well-resolved components. The first components indicate a helical structural
with a maximum at 190 nm and two minima at about 208 nm and 222 nm. The second
components represent a random-coil like structure, indicative of the minimum at about
200 nm. All other components were noisy and could not be resolved. The far UV CD
and SVD data indicate no significant structural change upon protonation of the histidine
residue at position four and the arginine residues. A two-state fit of the melting curves
allows for the comparison of the thermodynamic profiles of these peptides at pH 4.8 and
pH 7.2 (Table 7.1). For W1-H4-21 at pH 7.2, the melting temperature for the nondansylated form is 289.6 K and 294.9 K for the dansylated form. This increased melting
temperature indicates a more stable structure at physiological pH. Also, at pH 7.2, the
enthalpy change is more exothermic indicating that more energy is released as the peptide
is denatured, possibly due to the denaturation of a greater number of hydrogen bonds than
at pH 4.8. The equilibrium constant (K298) also indicates a shift to a more folded form.
The far UV CD spectra of non-dansylated and dansylated W1-H5-21 at pH 4.8 is
shown in Figure 7.3 A and B. Two well resolved SVD components were identified for
the W1-H5-21 peptides (Fig 7.3 C amd D).

The first component of both the non-

dansylated and dansylated W1-H5-21 peptides shows two minima near 208 nm and 222
nm and a maximum at 190 nm, indicating a helical secondary structure. The second
components show a minimum near 200 nm, indicating the presence of random-coil like
structures.

All other SVD components were noise and could not be resolved into

additional structural elements. The melting curves of each helical system were also
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Figure 7.3: Far UV CD of dansylated and non-dansylated W1-H5-21 at pH 4.8. (A) Far
UV CD of W1-H5-21 from 266 K to 363 K. (B) Far UV CD of dan-W1-H5-21 from 266
K to 363 K. (C) SVD analysis of W1-H5-21 indicates two main spectral components
(blue-first component; red-second component). (D) SVD analysis of dan-W1-H5-21
indicates two main spectral components (blue-first component; red-second component).
(E) Melting curve of W1-H5-21 from far UV CD with the EXAM fit shown in red. (F)
Melting curve of dan-W1-H5-21 from far UV CD with the EXAM fit shown in red.
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found by fixing the wavelength to 222 nm as a function of temperature. A two-state fit to
the temperature denaturation curve of both non-dansylated and dansylated W1-H5-21 (Fig
7.3 E and F) shows a melting temperature of 288.8 and 295.3 K with an enthalpy change
of -16.5 and -17.7 kcal/mol, respectively. The thermodynamic parameters for the folding
transition are presented in Table 7.2, demonstrating an equilibrium shifted more towards
the folded form for the dansylated peptide at 298 K.

This thermodynamic

characterization indicates that the addition of the dansyl acceptor group does not
significantly perturb the secondary structure of this peptide.

Table 7.2: Thermodynamic parameters for the folding transition of non-dansylated and
dansylated W1-H5-21 obtained from the two-state fit of the circular dichroism data. ΔH
– enthalpy change, ΔS – entropy change, ΔG298 and K298 – free energy change and
equilibrium constant at 298.15 K, Tm – midpoint transition.

Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol·K)
K298

pH 4.8
W1-H5-21-nd
W1-H5-21-d
288.8
295.3
-16.5
-17.7
-57.2
-59.8
0.52
0.16
0.41
0.76

pH 7.2
W1-H5-21-nd
W1-H5-21-d
296.7
303.7
-13.4
-15.0
-45.1
-49.3
0.06
-0.28
0.90
1.6

The far UV CD spectra of non-dansylated and dansylated W1-H5-21 at pH 7.2 is
shown in Figure 7.4 A and B. Like pH 4.8, two structural SVD components were
resolved (Fig 7.4 C and D). The first components of both the non-dansylated and
dansylated forms of W1-H5-21 indicate a helical structure as the first component, with a
maximum at 190 nm and two minima at 208 and 222 nm. The second components are
both indicative of random-coil like structure, with minima at about 200 nm. The melting
curves (Fig 7.4 E and F) were fit with a two-state model to extract the thermodynamic
properties of these peptides.

Like W1-H4-21, physiological pH (7.2) shows higher
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Figure 7.4: Far UV CD of dansylated and non-dansylated W1-H5-21 at pH 7.2. (A) Far
UV CD of W1-H5-21 from 266 K to 363 K. (B) Far UV CD of dan-W1-H5-21 from 266
K to 363 K. (C) SVD analysis of W1-H5-21 indicates two main spectral components
(blue-first component; red-second component). (D) SVD analysis of dan-W1-H5-21
indicates two main spectral components (blue-first component; red-second component).
(E) Melting curve of W1-H5-21 from far UV CD with the EXAM fit shown in red. (F)
Melting curve of dan-W1-H5-21 from far UV CD with the EXAM fit shown in red.
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melting temperatures for both the non-dansylated and dansylated forms of W1-H5-21.
The equilibrium constant is also shifted more towards the folded state at 298 K (Table
7.2) indicating a more stable structure at physiological pH.

The thermodynamic

parameters also indicate that there is not a significant structural change between the nondansylated and dansylated form of W1-H5-21 at pH 7.2, indicating that the end-to-end
distance measurements are in good agreement with the native structure.
The far UV CD of the non-dansylated and dansylated W1-H6-21 at pH 4.8 is
shown in Figure 7.5 A and B. SVD was utilized to determine the main structural
components of these peptides (Fig 7.5 C and D). Two main structural components were
resolved, with the helical component as the main component and the random-coil like
structure as the second component. The melting curves were obtained as a function of
temperature at 222 nm and fit with a two-state process to extract the thermodynamic
properties (Fig 7.5 E and F). These peptides prove to be very similar with almost
identical thermodynamic properties (Table 7.3). The dansylated form only has a slightly
higher melting temperature, 292.2 K compared to 288.1 K for the non-dansylated form.
Because of this, the dansylated form is slightly more shifted toward a more folded form.
These parameters again indicate that the addition of the dansyl acceptor group does not
perturb the native structure of these peptides.
The far UV CD of the non-dansylated and dansylated forms of W1-H6-21 at pH
7.2 are shown in Figure 7.6 A and B, respectively. These CD spectra indicate that both
forms of W1-H6-21 contain helical structures, represented by the minima at 208 nm and
222 nm and the maximum at 190 nm. The SVD of the far UV CD was performed to
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Figure 7.5: Far UV CD of dansylated and non-dansylated W1-H6-21 at pH 4.8. (A) Far
UV CD of W1-H6-21 from 266 K to 363 K. (B) Far UV CD of dan-W1-H6-21 from 266
K to 363 K. (C) SVD analysis of W1-H6-21 indicates two main spectral components
(blue-first component; red-second component). (D) SVD analysis of dan-W1-H6-21
indicates two main spectral components (blue-first component; red-second component).
(E) Melting curve of W1-H6-21 from far UV CD with the EXAM fit shown in red. (F)
Melting curve of dan-W1-H6-21 from far UV CD with the EXAM fit shown in red.
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obtain the structural components present in the peptides (Fig 7.6 C and D). Both peptides
contain a helical component as the main component and a random-coil like structure as
the second component. The melting curves were obtained at 222 nm as a function of
temperature.

These curves were fit with a two-state process to obtain their

thermodynamic parameters (Table 7.3). The melting temperatures for the non-dansylated
and dansylated forms at pH 7.2 were 293.1 K and 296.2 K, respectively. This indicates
that the stabilities of these peptides are very similar. The other thermodynamic properties
are also very similar. Again, physiological pH proves to contain a more stable structure
with an almost five degree increase in the melting temperatures at pH 7.2.

Table 7.3: Thermodynamic parameters for the folding transition of non-dansylated and
dansylated W1-H6-21 obtained from the two-state fit of the circular dichroism data. ΔH
– enthalpy change, ΔS – entropy change, ΔG298 and K298 – free energy change and
equilibrium constant at 298.15 K, Tm – midpoint transition.

Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol·K)
K298

pH 4.8
W1-H6-21-nd
W1-H6-21-d
288.1
292.2
-15.8
-15.9
-54.8
-54.3
0.54
0.31
0.40
0.59

pH 7.2
W1-H6-21-nd
W1-H6-21-d
293.1
296.2
-13.3
-13.4
-45.2
-45.2
0.22
0.08
0.69
0.87

In summary, these structural studies allow for the comparison of the three main
helical secondary structures, the 310-helix (W1-H4-21), the α-helix (W1-H5-21), and the πhelix (W1-H6-21). Although far UV CD spectra are indistinguishable between these
structural components, i.e. the signature bands for all three secondary structures are very
similar, the thermodynamic profiles for each of these structures indicates important
features of these peptides. These results indicate that the α-helix model contains the most
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Figure 7.6: Far UV CD of dansylated and non-dansylated W1-H6-21 at pH 7.2. (A) Far
UV CD of W1-H6-21 from 266K to 363K. (B) Far UV CD of dan-W1-H6-21 from 266K
to 363K. (C) SVD analysis of W1-H6-21 indicates two main spectral components (bluefirst component; red-second component). (D) SVD analysis of dan-W1-H6-21 indicates
two main spectral components (blue-first component; red-second component). (E)
Melting curve of W1-H6-21 from far UV CD with the EXAM fit shown in red. (F)
Melting curve of dan-W1-H6-21 from far UV CD with the EXAM fit shown in red.
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stable secondary structure, indicating that these properties could be the cause of such a
high prevalence of this structure in nature. All of these measurements are also pertinent
to ensure that the addition of the dansyl acceptor group, required to calculated end-to-end
distances of these peptides for the understanding of their formations, does not
significantly alter the structure of these peptides. This is important since an acceptor
probe, which is capable of being excited by the energy from the intrinsic Trp probe, is
required.
Circular dichroism of β-hairpin peptides. Far UV CD measurements of the nondansylated and dansylated β-hairpin peptide were performed to determine their secondary
structures as a function of temperature (Fig 7.7 A and B).

As the temperature is

increased, both peptides become less stable, as their secondary structures become less
stable. The isodichroic point located at about 212 nm indicates that the peptides exist in
two conformations.116 The SVD analysis (Fig 7.7 C and D) reveals that both peptides are
represented in a β-turn-like structure as the primary component, indicated by the
minimum at about 201 nm.53, 118 A β-hairpin is a special type of β-turn in which two βstrands are held together by hydrogen bonds in an antiparallel conformation. The second
SVD component indicates a mixture of random-coil like structure (minimum at 200 nm)
and PPII conformation (maximum around 230 nm).85,

86

The melting curves were

obtained by fixing the wavelength to 201 nm as a function of temperature (Fig 7.7 E and
F). They could not be fit to a two-state model to extract the thermodynamic properties;
however, it is apparent that the non-dansylated β-hairpin contains a more stable structure
as evidenced by a lower molar ellipticity at 201 nm. These results confirm that this
peptide sequence contains a hairpin-like structure114, 119 as previously reported. Because
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Figure 7.7: Far UV CD of dansylated and non-dansylated β-hairpin at pH 7.2. (A) Far
UV CD of β-hairpin-nd from 266K to 363K. (B) Far UV CD of β-hairpin-d from 266K
to 363K. (C) SVD analysis of β-hairpin-nd indicates two main spectral components
(blue-first component; red-second component). (D) SVD analysis of β-hairpin-d
indicates two main spectral components (blue-first component; red-second component).
(E) Melting curve of β-hairpin-nd from far UV CD. (F) Melting curve of β-hairpin-d
from far UV CD.
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the addition of the dansyl acceptor group did not greatly alter the secondary structure of
the native peptide, the FRET study will be a good representation of the native structure so
that further insight is gained about the formation of this common secondary structural
motif.

FTIR spectroscopy. A qualitative estimate of the secondary structural elements of
W1-H5-21, dan-W1-H5-21, W1-H4-21, W1-H6-21 all at pH 4.8, and the non-dansylated and
dansylated β-hairpin (pH 7.2) were further analyzed with the decomposition of the amide
I peak of the FTIR band into its constituent components. To expand on the secondary
structural analysis obtained from far UV CD, FTIR can reveal quantitative information
about the relative percentages of secondary structural elements present in a particular
peptide. Therefore, minor structural elements were revealed in the FTIR approach that
were not found using far UV CD alone.
The secondary structural content of the helical peptides are shown in Figure 7.8.
The non-dansylated W1-H5-21 (Fig 7.8 A) contains a peak consisting of 41% α-helix
(1654 cm-1), a peak at 1626 cm-1 indicating 15% β-sheet content, a turn peak at 1679 cm-1
(19%), and a random-coil peak (1641 cm-1) indicating 25% of the structure. The
dansylated W1-H5-21 (Fig 7.8 B) consists of a peak of 31% α-helix (1654 cm-1), a peak at
1625 cm-1 indicating 16% β-sheet content, a turn peak at 1677 cm-1 (23%), and a randomcoil peak (1640 cm-1) indicating 30% of the structure (Table 7.4). In summary, the
spectroscopic measurements allow for the determination of the average secondary
structure of this α-helical peptide.

The main structural component is the α-helix

structure. These FTIR data indicate that the helix population for the native peptide is 41
5 % or 9

2 residues and the helix contribution for its dansylated form is 31

169

5 % or 7

2 residues at 296 K. The peptides also contain a contribution from the random-coil
conformation, with the wild-type containing 24
dansylated form consisting of 30

5 % or 6

5 % or 5
2 residues.

2 residues and the
There are also minor

contributions from β-sheet and β-turn-like structures present in both peptides. The non-

Figure 7.8: FTIR of helical peptides at pH 4.8. (A) Non-dansylated W1-H5-21 with a
peak showing 41% α-helix (1654 cm-1), a peak at 1626 cm-1 indicating 15% β-sheet
content, a turn peak at 1679 cm-1 (19%), and a random-coil peak (1641 cm-1) indicating
24% of the structure. (B) Dan-W1-H5-21 with a peak showing 31% α-helix (1654 cm-1),
a peak at 1625 cm-1 indicating 16% β-sheet content, a turn peak at 1677 cm-1 (23%), and
a random-coil peak (1640 cm-1) indicating 30% of the structure. (C) W1-H4-21 with a
peak showing 13.6% β-sheet (1629 cm-1), a peak at 1679 cm-1 indicating 24.2% turn-like
structure, a random-coil like peak at 1645 cm-1 (42.3%), and a 310 helix peak (1661.5 cm1
) indicating 20% of the structure. (D) W1-H6-21 with a peak showing 6.6% β-sheet
(1617 cm-1), a peak at 1680 cm-1 indicating 7.7% turn-like structure, a random-coil like
peak at 1639.3 cm-1 (43%), and a α-helix peak (1655cm-1) indicating 42.9% of the
structure.
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dansylated W1-H5-21 contains 15

5 % or 3

2 residues and 19

5 % or 4

2 residues

of β-sheet and β-turn-like structure, respectively. For the dansylated peptide, the β-sheet
content is 16

2 residues and the β-turn content is 23

5 % or 3

5 % or 5

2 residues.

Therefore, structural analysis of the FTIR measurements are in agreement with the far
UV CD results further supporting the stability of these peptides upon the addition of the
dansyl acceptor group.
For W1-H4-21 (Fig 7.8 C) four main peaks were found upon deconvolution of the
FTIR data. The first peak, centered at 1628.9 cm-1 comprises 13.6% of the overall
structure and is assigned to the β-sheet. The peak at ~1679 cm-1 indicates about 24%
turn-like structures and the peak at 1645.4 cm-1 represents about 42% random-coil like
structure. Finally, the peak at 1661.5 cm-1 is indicative of a 310-helix (~20%) (Table
7.4).130-132

This peak indicates that the system does in fact contain the i, i+3

conformation, or 310-helix, which shows that its structure is different from the α-helical
(or i, i+4) conformation found in W1-H5-21. These results indicate that the 310-helix
comprises 20

5% or 4

2 residues and the random-coil makes up 42

residues. The other structural elements present consist of 14
sheet structure and 24

5% or 1

5% or 3

5% or 9

2

2 residues of β-

2 residues of β-turn-like structure.

The deconvolution of W1-H6-21 also provided four structural peaks (Fig 7.8 D).
The main structural peak, centered at 1655 cm-1 represents 42.9% of the total secondary
structure and is assigned to the helix. The peak at ~1617 cm-1 represents β-sheet structure
and comprises 6.6% of the total secondary structure. The turn-like peak, at 1680 cm-1,
characterizes almost 8% of the structure. Finally, the peak at ~1640 cm-1 shows a
significant amount of random-coil like structure present, at 43% (Table 7.4). These
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results indicate that the helix comprises 43
makes up 42
5% or 1

5% or 9

5% or 9

2 residues and the random-coil

2 residues. The other structural elements present consist of 7

2 residues of β-sheet structure and 8

5% or 2

2 residues of β-turn-like

structure. The random-coil like conformation is made up of 43

5% or 9

2 residues.

There is no known amide I peak position to describe the π-helix, therefore, although this
peptide contains a large amount of helix, it is possible that this helix amount is due to the
π-helix. The π-helix contains the i,i+5 hydrogen bonding arrangement which contains the
least structure compared to the 310 and α-helix, therefore, it is also possible that the πhelix amount is contained in the random-coil signature peak located around 1640 cm-1.
Nonetheless, the far UV CD data and the FTIR data both indicate a large amount of
helical structure.

Table 7.4: Percent structure calculated from FTIR results for helical peptides.

Helix
310-helix
β-turns
β-sheets
Unordered

W1-H4-21
0
20
24
14
42

W1-H5-21
41
0
19
15
25

W1-H5-21-d
31
0
23
16
30

W1-H6-21
42
0
8
7
43

The secondary structural content of non-dansylated and dansylated β-hairpin is
shown in Figure 7.9. The deconvolution of amide I region of the native β-hairpin (Fig
7.9 A) provided peaks centered at 1621, 1636, and 1684 cm-1 collectively comprising
49% β-sheet, 1665 cm-1 indicating 24% turns and a peak at 1650 cm-1 indicating 27%
random coil. The dansylated β-hairpin (Fig 7.9 B) consists of peaks at 1622, 1636, and
1681 cm-1 comprising 55% β-sheet, 1666 cm-1 indicating 16% turns, and a peak at 1650
cm-1 showing 29% random coil (Table 7.5).
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In summary, the spectroscopic

measurements allow for the determination of the average secondary structure of these βhairpin peptides in solution. The main structural component is the β-sheet-like structures.
These FTIR data indicate that the β-sheet population for the native peptide is 49
8

2 residues and the β-sheet contribution for its dansylated form is 55

residues at 296 K. Additionally, the β-turn conformation is 24
the non-dansylated β-hairpin and 16

5 % or 2

5 % or 4

5 % or

5 % or 9

2

2 residues for

2 residues for the dansylated β-hairpin

at 296 K. The random-coil conformations are also very similar for both peptides, with

Figure 7.9: FTIR of dansylated and non-dansylated β-hairpin. A) Non-dansylated βhairpin with peaks at 1621, 1636, and 1684 cm-1 comprising 49% β-sheet, 1665 cm-1
indicating 24% turns and a peak at 1650 cm-1 indicating 27% random coil. B) Dansylated
β-hairpin with peaks at 1622, 1636, and 1681 cm-1 comprising 55% β-sheet, 1666 cm-1
indicating 16% turns, and a peak at 1650 cm-1 showing 29% random coil.
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the wild-type containing 27
29

5 % or 5

5 % or 4

2 residues and the dansylated form having

2 residues. Together, with the far UV CD data, these results indicate that
Table 7.5: Percent structure from FTIR results for β-hairpin.
β-turns
β-sheets
Unordered

Β-Hairpin
24
49
27

Β-Hairpin-d
16
55
29

there is not a significant structural change upon adding the dansyl acceptor group to the
peptide. This is important because it means the FRET measurements can be assumed to
describe the native structure of this β-hairpin peptide.
Although FTIR does not quantitatively provide an estimate of fraction helix
content and other thermodynamic parameters, it does construct a qualitative picture about
the presence of secondary structural components and their individual populations. These
results are useful to determine how the secondary structural components vary between the
helical and β-hairpin systems.

End-to-End Distance from Förster Resonance Energy Transfer

Helical peptides. The fluorescence emission profiles of the non-dansylated and
dansylated helical peptides (W1-H4-21, W1-H5-21, and W1-H6-21) at pH 4.8 and 7.2 are
shown in Figure 7.10 and 7.11, respectively. From these spectra, it is evident that when
the Trp is excited in the presence of the dansyl group, it transfers some of its excess
energy to provide excitation of the acceptor (as shown by the development of the dansyl
emission peak at about 525 nm) which allows for the calculation of the distance between
this donor and acceptor group.

The fluorescence emission peak of each spectrum was
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integrated from 285 to 460 nm29 to provide FD and FDA for the end-to-end distance
calculations. These results provide significant insight into the formation of the three most
prevalent helical secondary structures. The end-to-end distances of the helical peptides
were calculated at pH 4.8 (Fig 7.12 A), when the histidine is protonated, and at neutral
pH (Fig 7.12 B). These results indicate significant structural differences between these
peptides allowing for the understanding of their presence in nature.
The W1-H4-21 peptide, representing the i,i+3 hydrogen bonding pattern, or the
310-helix, is stable until just above physiological temperature, when the peptide becomes
more and more extended. At the acidic pH, the end-to-end distance is maintained at
about 22 Å until ~40 °C where it starts to rapidly unfold to a final end-to-end distance of
about 24.5 Å. At neutral pH, this secondary structure is slightly more stable, with an endto-end distance of about 21.5 Å at physiological temperature. As the temperature unfolds
the secondary structure, the peptide becomes increasingly more unstable indicated by the
steeper slope of the unfolding curve at higher temperatures, with a final end-to-end
distance of almost 24 Å. These results indicate that the pH does not have a significant
effect on the 310-heical structure.
At pH 4.8, as the W1-H5-21 system (representing the α-helix) is thermally
unfolded, the distance between the donor and acceptor is just above 22 Å (-5 ⁰C) and
decreases to ~21.5 Å (25 ⁰C) before slowly expanding to about 24.5 Å at its most
destabilized state (90 ⁰C). The thermal unfolding curve for W1-H5-21 is also very similar
at pH 7.2 which not only indicates that the α-helix remains very stable at physiological
temperatures, but also that this structure is rigid enough to withstand pH changes in the
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environment. This could provide some evidence as to why the α-helix is one of the most
predominant secondary structures.
The W1-H6-21 peptide (characterized by the π-helix secondary structure) samples
a much wider range of conformations in its protonated state, starting with an end-to-end
distance of just under 22 Å at the lowest temperatures to a fully extended distance of
about 27.5 Å. This indicates that the π-helix is not as stable as the α- or 310-helix, as its
structure is much more sensitive to thermal denaturation.

At pH 7.2, however, the

conformational basin for this peptide is much less, as the end-to-end distance only
transists between about 21 Å at the lowest temperatures to about 23 Å at the highest
temperatures, indicating that the π-helix is sensitive to pH changes. This also could also
provide evidence as to the scarcity of this secondary structural element in nature.
For all of these helical peptides, it is evident that the rate of unfolding is slower at
the lower temperatures and then increases at higher temperatures, indicative of a
multiple-state process. It should take more energy to unfold the “core” of these helices
than the ends. Therefore, because the unfolding patterns indicate increasingly more
unstable structures after temperatures higher than physiological, it could be that
denaturation of helical-like structures initiates at a “core” and unravels, or melts, in
opposite directions. These data provide insight into the formation of helical secondary
structures.
β-hairpin peptide. The fluorescence emission profiles of the non-dansylated and
dansylated β-hairpin peptide, at pH 7.2, are shown in Figure 7.13. From these spectra, it
is evident that when the Trp is excited in the presence of the dansyl group, some of its
excess energy is transferred to provide excitation of the acceptor (as shown by the
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development of the dansyl emission peak at about 525 nm) which allows for the
calculation of the distance between this donor and acceptor group.

The fluorescence

emission peak of each spectrum was integrated from 285 to 460 nm29 to provide FD and
FDA for the end-to-end distance calculations. These results provide significant insight
into the formation of this common secondary structural element, which is very different
from helical formation, allowing for the understanding of its presence in nature.
In the thermal unfolding of the β-hairpin model (Fig 7.14), the donor-acceptor
distance linearly increases from just below 17 Å (-5 ⁰C) to about 21.5 Å (90 ⁰C) at the
most destabilized state, indicating a completely different folding mechanism than the
helical secondary structures.

Since this β-hairpin model is hydrogen bonded in an

antiparallel orientation, the Trp probe near the N-terminus is in close proximity to the
dansyl acceptor group at the C-terminus. The position of the donor-acceptor pair allows
for a quantitative measure of the distance of the N- and C-terminus. It remains unclear
whether the β-hairpin is formed from the central loop that links the N- and C-terminal
ends or if the termini come together first to create a hydrogen bonding event inward,
towards the loop region.114, 119 These measurements suggest that the β-hairpin terminal
ends unfold linearly, representative of a two-state process, consistent with previous
kinetic results.114, 119 Since the mechanism of unfolding is linear, it could be that the βhairpin unfolds from the terminal ends first, unzipping towards the central loop region.
This would indicate that the central loop region may be the most stable portion of the βhairpin.
This study indicates a quite different folding/unfolding mechanism for the helical
peptides compared to the β-hairpin model. The helical peptides unfold non-linearly in a
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Figure 7.10: Fluorescence emission profiles for non-dansylated and dansylated W1-H421, W1-H5-21, and W1-H6-21 measured from -5 to 90 °C and at pH 4.8. (A) Nondansylated W1-H4-21. (B) Dansylated W1-H4-21. (C) Non-dansylated W1-H5-21. (D)
Dansylated W1-H5-21. (E) Non-dansylated W1-H6-21. (F) Dansylated W1-H6-21.
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Figure 7.11: Fluorescence emission profiles for non-dansylated and dansylated W1-H421, W1-H5-21, and W1-H6-21 measured from -5 to 90 °C and at pH 7.2. (A) Nondansylated W1-H4-21. (B) Dansylated W1-H4-21. (C) Non-dansylated W1-H5-21. (D)
Dansylated W1-H5-21. (E) Non-dansylated W1-H6-21. (F) Dansylated W1-H6-21.
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Figure 7.12: End-to-end distance of W1-H4-21, W1-H5-21, and W1-H6-21 peptides
measured from -5 – 90 °C with the distance between the donor-acceptor pair calculated
for each temperature. (A) End-to-end distance at pH 4.8 (Blue = W1-H4-21, Green = W1H5-21, and Red = W1-H6-21). (B) End-to-end distance at pH 7.2 (Blue = W1-H4-21,
Green = W1-H5-21, and Red = W1-H6-21).
multiple-state process where it seems that denaturation starts at the “core” with an
increase in the rate of denaturation as unfolding reaches the terminal ends. In contrast,
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Figure 7.13: Fluorescence emission spectra of the dansylated and non-danyslated βhairpin peptide measured from -5 to 90 °C, pH 7.2. (A) Fluorescence spectra of nondansylated β-hairpin. (B) Fluorescence spectra of dansylated β-hairpin.

Figure 7.14: End-to-end distance of β-hairpin measured from -5 to 90 °C with the
distance between the donor-acceptor pair calculated for each temperature.

the β-hairpin has an unfolding pattern indicative of a two-state process suggesting that
unfolding is initiated at the terminal ends towards a central loop. This indicates that the
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unfolding event can occur with different rates and mechanisms for a particular structure.
These experiments provide great insight into the unfolding mechanisms of two very
important secondary structures.

Osmolyte and Denaturant Studies of the Helical Peptides
A brief structural study of osmolyte and denaturant effects on protein structure
and stability was carried out with the helical peptides W1-H4-21, W1-H5-21, and W1-H621. The secondary structure and thermodynamic studies of W1-H4-21and W1-H6-21 in
trimethylamine N-oxide (TMAO), an osmolyte, and urea, a denaturant, indicated slight
structural changes in the presence of these compounds. The end-to-end distance of W1H5-21 was then examined in several concentrations of urea to further describe the folding
mechanism and stability of the most prevalent helical structure found in nature.

Circular dichroism spectroscopy of W1-H4-21 and W1-H6-21. The far UV CD of
W1-H4-21 and W1-H6-21 as a function of TMAO (25 mM, 50 mM, and 100 mM) and
urea (25 mM, 50 mM, and 100 mM) were recorded as a function of temperature between
266 K and 363 K. Singular value decomposition (SVD) was applied to the CD data to
resolve the spectral components.54,

78, 79

The melting curves for each of the helical

peptides were generated by fixing the wavelength at 222 nm as a function of temperature
and their thermodynamic properties were extracted. The entropy is solved for through Tm
= ΔH/ΔS. The Gibbs free energy is calculated utilizing ΔG298 = ΔH – TΔS and the
equilibrium constant is found through ΔG298 = -RT ln(K).
The far UV CD spectra of W1-H4-21 as a function of TMAO are shown in Figure
7.15 and 7.16. All of these spectra contain a maximum around 190 nm and two minima
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Figure 7.15: Far UV CD of W1-H4-21 at pH 4.8 and in 25 mM solution of TMAO. (A)
Far UV CD of W1-H4-21 from 266 K to 363 K at pH 4.8. (B) Far UV CD of W1-H4-21 in
25 mM TMAO from 266 K to 363 K. (C) SVD analysis of W1-H4-21 (pH 4.8) indicates
two main spectral components (blue-first component; red-second component). (D) SVD
analysis of W1-H4-21 in 25 mM TMAO indicates two main spectral components (bluefirst component; red-second component). (E) Melting curve of W1-H4-21 in buffer from
far UV CD with the EXAM fit shown in red. (F) Melting curve of W1-H4-21 in 25 mM
TMAO from far UV CD with the EXAM fit shown in red.
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Figure 7.16: Far UV CD of W1-H4-21 50 mM and 100 mM solutions of TMAO. (A) Far
UV CD of W1-H4-21 from 266 K to 363 K 50 mM TMAO. (B) Far UV CD of W1-H4-21
in 100 mM TMAO from 266 K to 363 K. (C) SVD analysis of W1-H4-21 (50 mM
TMAO) indicates two main spectral components (blue-first component; red-second
component). (D) SVD analysis of W1-H4-21 in 100 mM TMAO indicates two main
spectral components (blue-first component; red-second component). (E) Melting curve
of W1-H4-21 in 50 mM TMAO from far UV CD with the EXAM fit shown in red. (F)
Melting curve of W1-H4-21 in 100 mM TMAO from far UV CD with the EXAM fit
shown in red.
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around 208 and 222 nm, indicative of helical secondary structure, as seen in aqueous
solution. The SVD analysis of W1-H4-21 in the all concentrations of TMAO identifies
two well resolved structural components. The first component shows two minima at 208
nm and 222 nm and a maximum at 190 nm, confirming the helical secondary structure.
The second components show a minimum at 200 nm indicating the presence of randomcoil like structures.

All other SVD components could not be resolved in a

straightforward manner. A two-state fit to the temperature denaturation curves indicates
thermodynamic changes as a function of TMAO concentration (Table 7.6). The melting
temperatures increase slightly and the equilibrium constants indicate that the peptide
becomes more stable, as it is shifted to a more folded state, with an increase in TMAO
concentration. The results support previous findings that TMAO is capable of inducing
protein folding.125, 127, 133

Table 7.6: Thermodynamic properties of W1-H4-21 in TMAO at pH 4.8.
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol·K)
K298

0 mM
275.9
-13.9
-50.3
1.1
0.15

25 mM
278.0
-13.1
-47.1
0.94
0.21

50 mM
278.3
-12.3
-44.4
0.88
0.23

100 mM
279.3
-10.8
-38.7
0.72
0.29

The far UV CD spectra of W1-H6-21 as a function of TMAO are shown in Figure
7.17 and 7.18. As shown for the W1-H4-21 peptide, all of these spectra contain a
maximum around 190 nm and two minima around 208 and 222 nm, indicative of helical
secondary structure, in agreement with the previous measurements in aqueous solution.
The SVD analysis of W1-H6-21 in the all concentrations of TMAO identifies two well
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Figure 7.17: Far UV CD of W1-H6-21 at pH 4.8 and in 25 mM solution of TMAO. (A)
Far UV CD of W1-H6-21 from 266 K to 363 K at pH 4.8. (B) Far UV CD of W1-H6-21 in
25 mM TMAO from 266 K to 363 K. (C) SVD analysis of W1-H6-21 (pH 4.8) indicates
two main spectral components (blue-first component; red-second component). (D) SVD
analysis of W1-H6-21 in 25 mM TMAO indicates two main spectral components (bluefirst component; red-second component). (E) Melting curve of W1-H6-21 in buffer from
far UV CD with the EXAM fit shown in red. (F) Melting curve of W1-H6-21 in 25 mM
TMAO from far UV CD with the EXAM fit shown in red.
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Figure 7.18: Far UV CD of W1-H6-21 50 mM and 100 mM solutions of TMAO. (A) Far
UV CD of W1-H6-21 from 266 K to 363 K 50 mM TMAO. (B) Far UV CD of W1-H6-21
in 100 mM TMAO from 266 K to 363 K. (C) SVD analysis of W1-H6-21 (50 mM
TMAO) indicates two main spectral components (blue-first component; red-second
component). (D) SVD analysis of W1-H6-21 in 100 mM TMAO indicates two main
spectral components (blue-first component; red-second component). (E) Melting curve
of W1-H6-21 in 50 mM TMAO from far UV CD with the EXAM fit shown in red. (F)
Melting curve of W1-H6-21 in 100 mM TMAO from far UV CD with the EXAM fit
shown in red.
187

resolved structural components. The first component shows two minima at 208 nm and
222 nm and a maximum at 190 nm, also confirming the helical secondary structure. The
second components show a minimum at 200 nm indicating the presence of random-coil
like structures.

A two-state fit to the temperature denaturation curves also shows

thermodynamic alterations as a function of TMAO concentration (Table 7.7). The
melting temperatures also increase slightly as a function of TMAO, but do not have as
great of an influence on the stability as did for W1-H4-21. All of the thermodynamic
parameters are very similar, suggesting that the TMAO had little to know effect on the
structure of W1-H6-21.

Table 7.7: Thermodynamic properties of W1-H6-21 in TMAO at pH 4.8.
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol·K)
K298

0 mM
288.1
-15.8
-54.8
0.54
0.40

25 mM
288.3
-16.3
-56.4
0.55
0.40

50 mM
288.5
-15.9
-55.0
0.53
0.41

100 mM
289.0
-15.1
-52.1
0.47
0.45

The far UV CD spectra of W1-H4-21 as a function of urea are shown in Figure
7.19 and 7.20. All of these spectra contain a maximum around 190 nm and two minima
around 208 and 222 nm, indicative of helical secondary structure, also shown in aqueous
solution. The SVD analysis of W1-H4-21 in urea indicates two well resolved structural
components for each concentration of urea. The first components show two minima at
208 nm and 222 nm and a maximum at 190 nm, confirming the helical secondary
structure. The second components show a minimum at 200 nm indicating the presence of
random-coil like structures. All other SVD components were noisy and did not represent
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Figure 7.19: Far UV CD of W1-H4-21 at pH 4.8 and in 25 mM solution of urea. (A) Far
UV CD of W1-H4-21 from 266 K to 363 K at pH 4.8. (B) Far UV CD of W1-H4-21 in 25
mM urea from 266 K to 363 K. (C) SVD analysis of W1-H4-21 (pH 4.8) indicates two
main spectral components (blue-first component; red-second component). (D) SVD
analysis of W1-H4-21 in 25 mM urea indicates two main spectral components (blue-first
component; red-second component). (E) Melting curve of W1-H4-21 in buffer from far
UV CD with the EXAM fit shown in red. (F) Melting curve of W1-H4-21 in 25 mM urea
from far UV CD with the EXAM fit shown in red.
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Figure 7.20: Far UV CD of W1-H4-21 50 mM and 100 mM solutions of urea. (A) Far UV
CD of W1-H4-21 from 266 K to 363 K 50 mM urea. (B) Far UV CD of W1-H4-21 in 100
mM urea from 266 K to 363 K. (C) SVD analysis of W1-H4-21 (50 mM urea) indicates
two main spectral components (blue-first component; red-second component). (D) SVD
analysis of W1-H4-21 in 100 mM urea indicates two main spectral components (blue-first
component; red-second component). (E) Melting curve of W1-H4-21 in 50 mM urea from
far UV CD with the EXAM fit shown in red. (F) Melting curve of W1-H4-21 in 100 mM
urea from far UV CD with the EXAM fit shown in red.
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clear structural components.

A two-state fit to the temperature denaturation curves

indicates very slight thermodynamic changes as a function of urea concentration (Table
7.8).

The melting temperatures only decrease slightly and the change in enthalpy

indicates that the peptide stability is not significantly affected.

It appears that the

stabilizing effects of TMAO were greater than the destabilizing effects of urea for W1H4-21.
Table 7.8: Thermodynamic properties of W1-H4-21 in urea at pH 4.8.
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol·K)
K298

0 mM
275.9
-13.9
-50.3
1.1
0.15

25 mM
275.2
-12.8
-46.4
1.1
0.16

50 mM
274.3
-13.1
-47.8
1.1
0.15

100 mM
274.2
-13.5
-49.2
1.2
0.14

The far UV CD spectra of W1-H6-21 as a function of urea are shown in Figure
7.21 and 7.22. All of these spectra contain a maximum around 190 nm and two minima
around 208 and 222 nm, indicative of helical secondary structure, also shown in aqueous
solution. The SVD analysis of W1-H6-21 in urea indicates two well resolved structural
components for each concentration of urea, with the first components indicating two
minima at 208 nm and 222 nm and a maximum at 190 nm, confirming the helical
secondary structure. The second components show a minimum at 200 nm indicating the
presence of random-coil like structures. All other SVD components were noisy and
could not be resolved.

Like W1-H4-21 in urea, a two-state fits to the temperature

denaturation curves indicate very slight thermodynamic changes (Table 7.9).

The

melting temperatures only decrease slightly and equilibrium constants indicate that as the
urea concentration increases, the peptide becomes more shifted to the unfolded state. It
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Figure 7.21: Far UV CD of W1-H6-21 at pH 4.8 and in 25 mM solution of urea. (A) Far
UV CD of W1-H6-21 from 266 K to 363 K at pH 4.8. (B) Far UV CD of W1-H6-21 in 25
mM urea from 266 K to 363 K. (C) SVD analysis of W1-H6-21 (pH 4.8) indicates two
main spectral components (blue-first component; red-second component). (D) SVD
analysis of W1-H6-21 in 25 mM urea indicates two main spectral components (blue-first
component; red-second component). (E) Melting curve of W1-H6-21 in buffer from far
UV CD with the EXAM fit shown in red. (F) Melting curve of W1-H6-21 in 25 mM urea
from far UV CD with the EXAM fit shown in red.
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Figure 7.22: Far UV CD of W1-H6-21 50 mM and 100 mM solutions of urea. (A) Far UV
CD of W1-H6-21 from 266 K to 363 K 50 mM urea. (B) Far UV CD of W1-H6-21 in 100
mM urea from 266 K to 363 K. (C) SVD analysis of W1-H6-21 (50 mM urea) indicates
two main spectral components (blue-first component; red-second component). (D) SVD
analysis of W1-H6-21 in 100 mM urea indicates two main spectral components (blue-first
component; red-second component). (E) Melting curve of W1-H6-21 in 50 mM urea from
far UV CD with the EXAM fit shown in red. (F) Melting curve of W1-H6-21 in 100 mM
urea from far UV CD with the EXAM fit shown in red.
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Table 7.9: Thermodynamic properties of W1-H6-21 in urea at pH 4.8.
Tm (K)
ΔH (kcal/mol)
ΔS (cal/mol·K)
ΔG298 (kcal/mol·K)
K298

0 mM
288.1
-15.8
-54.8
0.54
0.40

25 mM
287.9
-16.3
-56.6
0.57
0.38

50 mM
287.8
-17.2
-59.7
0.61
0.36

100 mM
287.0
-15.8
-54.9
0.60
0.36

appears that the destabilizing effects of urea were not significant. This could be due to
the low concentrations of urea that were examined here.
Although these studies do not show significant stabilizing and destabilizing
effects of TMAO and urea, respectively, it could be possible that the concentrations of
these solutions are too low to influence the structure of these peptides. To obtain a good
signal-to-noise ratio when performing far UV CD measurements, the concentrations of
TMAO and urea had to be maintained at relatively low concentrations.

If the

concentrations were any higher, the structural features of these peptides would have
become overpowered with noise. Although these studies do not prove very successful,
they do allow for the structural comparison of W1-H4-21 and W1-H6-21 under the
influence of osmolyte and denaturant conditions.

Förster resonance energy transfer for W1-H5-21. The effects of the chemical
denaturant urea were tested on W1-H5-21. The apparent FRET efficiencies were found to
provide a suitable means to relatively quantify the extent of FRET between the donoracceptor pair to estimate conformational changes within W1-H5-21.

Figure 7.23

represents the relative FRET efficiency from 268 to 363 K and 0 to 7 M urea. As a
result, the shorter the spacial distance between the donor and acceptor pair will result in a
higher relative FRET efficiency, which is consistent with these results. As the urea
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concentration is increased, the relative FRET efficiency decreases, indicating a larger
spacial distance between Trp and the dansyl group of W1-H5-21. In other words, as the
peptide is chemically denatured, the distance between the chromophores increases due to
the conformation of the peptide becoming less and less structured. However, as the
temperature was increased, also influencing the structure of the peptide, the urea had
increasingly less effect on the structure, with structural changes becoming less
distinguishable. The reason the FRET efficiency increases at higher temperatures could
be due to the formation of aggregates, thus shortening the distance between the donoracceptor pair. At 25 °C, it can be seen that an increase in urea concentration does

Figure 7.23: Relative FRET efficiencies of the W1-H5-21 peptide measured from 268 to
363 K in 1 to 7 M urea solutions (blue – 0 M urea, red – 1 M urea, green – 2 M urea,
cyan – 3 M urea, magenta – 4 M urea, black – 5 M urea, blueX – 6 M urea, redX – 7 M
urea). Inset represents FRET efficiency at 25 °C at each urea concentration.
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increase the separation of the donor-acceptor pair, thus decreasing the relative FRET
efficiency (Fig 7.23 inset).

These studies provide insight into the mechanisms of

chemical denaturation, which is an important topic to understand since osmolytes and
denaturants are present in the biological system.
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CHAPTER EIGHT
Discussion: Secondary Structure Formation
Structural Analysis of Helical and β-Hairpin Peptides
The structural properties of the α-, 310-, and π-helix, as well as the β-hairpin were
characterized to gain a better understanding of their structural properties and formation.
Because the main structural components of both NPY and PYY have been characterized
by a C-terminal α-helix and a turn region which allows the C- and N-termini to come
together in the classic PP-fold (or hairpin-like) structure, it was important to further
characterize these structures. Also, 310- and π-helices are most commonly found as N- or
C-terminal extensions to an α-helical segment. About 32% of the helices in crystal
structures were found to contain a 310-helical hydrogen bonding pattern at their N-termini
and about 34% were found to contain this helical segment at their C-termini. Therefore,
this helix has been postulated to be an important intermediate in the folding/unfolding of
α-helices.112 Because of the importance of these secondary structures in nature, and in
particular, in the NPY family of peptides, a detailed analysis was carried out to further
understand their structural properties.

Peptide Design
The helical peptides were carefully designed to represent the desired secondary
structures to be investigated. Thompson et al. have previously studied the kinetics of the
helix formation of the 21-residue W1-H5-21 peptide utilized for these studies.52 This
design, which contains a probe for helix formation at the N-terminus, was utilized for the
construction of our 310- and π-helix models. The basic feature of this design is that the
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side chains of tryptophan and histidine spatially interact in the α-helical structure (i,i+4
interaction) so that helical formation can be monitored by observing changes in
tryptophan fluorescence.

Further, when the histidine is protonated, this interaction

contributes significantly to the stability of the helix and also significantly quenches the
fluorescence, thus providing an intrinsic probe to monitor helix formation. A repulsive
interaction was also introduced between the protonated histidine at position 5 and the
arginine a position 9 when residues 5 through 9 are helical. This i,i+4 model design was
utilized for the construction of peptides to represent i,i+3 and i,i+5 interactions. To
produce the i,i+3 interaction, or 310-helix, the histidine was moved to position 4 and the
arginine to position 7. For the i,i+5 interaction, or the π-helix, the histidine was placed at
position 6 and the arginie at position 11. Therefore, in each of these systems, the Trp and
His will interact, causing the fluorescence quenching of the Trp and the desired hydrogen
bonding interactions, for the proper construction of these helical structures.
The β-hairpin model used for these studies comes from the second hairpin
(residues 41 to 56) of the Ig-binding domain of streptococcal protein G. NMR analysis of
this peptide indicates that this is one of the only known stable β-hairpin peptides found to
exist without aggregation, making it an important model to study hairpin formation.118
This model system also includes a single tryptophan buried in a hydrophobic cluster;
therefore, this Trp can be utilized as a probe to monitor the unfolding reaction.120
To understand the formation of these secondary structures, Förster resonance
energy transfer (FRET) measurements were performed for each of the secondary
structural models. These results are able to provide quantitative information on actual
intramolecular distances, providing a detailed picture of molecular dynamics through the
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unfolding event.121 Because each of the secondary structural models already contain a
Trp probe to monitor their folding dynamics (donor group), dansyl was chosen for the
acceptor group. This donor-acceptor pair was ideal for these experiments because the
energy from the excited Trp is similar to the excitation of the acceptor.134 Therefore,
energy transfer efficiency is strongly affected by the interfluorophore distance which is
described as the Förster distance (R0) at which FRET efficiency is 50%. It has been
previously shown that, an interfluorophore distance of ½ R0 can yield quantitative energy
transfer, however, a distance of 2 R0 will have a separation too large causing nearly
undetectable energy transfer. The Förster radius for this particular pair is 21 Å,122 about
the length of the helical peptide systems studied here. Therefore, to monitor the end-toend distance of these peptides utilizing the FRET technique, a dansyl-lysine group was
attached to the C-terminus of the helical peptides.134 For the β-hairpin peptide, the
dansyl-Lys was attached to its C-terminal end as well.135

Thermodynamic and Structural Studies
CD measurements were performed for each of the helical peptides and the βhairpin peptide to confirm that their designs provided the desired structures. These
measurements also allow for the extraction of thermodynamic properties to understand
structural differences between these basic secondary structures. It was also important to
examine the dansylated forms of these peptides to ensure that the addition of this acceptor
group did not significantly alter the structures of these peptides.
For the helical peptides, these results confirm that a helical structure was
prevalent for each of the secondary structural models and that the addition of the dansyl
group did not significantly alter their structures (Fig 7.1 – 7.6).
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The calculated

thermodynamic properties are interesting because they indicate that all of the structures
are more stable at physiological pH rather than in acidic conditions (Table 7.1 – 7.3)
Because the Trp-His interaction was previously postulated to become more stable when
the His is in its protonated form, i.e. acidic conditions,52 these results were not expected.
However, to our knowledge, since the W1-H5-21 peptide model was designed by
Thompson et al. in 2000 there have been no structural studies for this peptide at neutral
pH.

This is also the first time these W1-H4-21 and W1-H6-21 peptides have been

examined.

These thermodynamic profiles do however indicate that the most stable

helical structure is the α-helix, which makes sense because it is the most prevalent helix
found in nature. We also found that the structure of the 310-helix is less stable than the πhelix, in agreement with previous simulation results from Armen and co-workers.111
Therefore, the question still remains as to why there are so many 310-helices in
experimentally determined protein structure.

The CD results of the β-hairpin also

indicate that this peptide does contain a hairpin-like structure (Fig 7.7) and is not
significantly altered by the addition of the dansyl group.
The formation of these important secondary structural elements was further
analyzed to understand how these structures occur in nature. FRET measurements were
utilized to determine fluctuations in the end-to-end distance as these peptides were
thermally denatured. These results indicate quite different structural formations for the
helical peptides and the β-hairpin peptide.

The helical peptides indicate a rate of

unfolding that is slower at the low temperatures and then increases at higher
temperatures, suggesting a possible multiple-state process.

If the core of the helix

provides the stability of its structure, it should take more energy to unfold the center of
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these helices than their ends. These results suggest that the formation may start at a core
and proceed towards the ends of the helix. These measurements also indicate that the
relative thermodynamic stability between these helix types is not constant and shows
strong temperature dependence, supporting previous results by Thompson and coworkers.52 If these peptides are thought of in the number of hydrogen bonds they are
capable of forming for a given length of amino acid chain, the 310-helix would be able to
form the most hydrogen bonds (one more than the α-helix), followed by the α-helix and
π-helix.

This suggests that the 310-helix would be the most energetically preferred

structure and the π-helix would be the most energetically handicapped, possibly
indicating their scarcity in nature. It has also been previously suggested that there should
be more entropic cost to form the π-helix than the α-helix because of the greater number
of residues that must be aligned to form these structures. With this state of mind, the 310helix should have a lower entropic cost than the α-helix for its formation.110 The FRET
results at pH 4.8 indicate that there is a greater conformational basin examined for the πhelix, as it becomes increasingly less stable as it loses its structure. This suggests that
this helix is the least stable. The 310-helix and the α-helix indicate similar patterns of
denaturation, however, the α-helix seems to stay in a tighter structure, as the end-to-end
distances are less than that of the 310-helx for each temperature. These results could also
be explained by the favorable W-H+ interactions found at the N-terminal ends of the
peptides.

The breaking of this favorable interaction would slow the helix-to-coil

transition, however, after the W-H+ interaction is disrupted, these peptides could quickly
proceed to a fully unfolded state.52
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Contrary to the helical peptides, the β-hairpin model indicates a quite different
formation mechanism. Previous experiments are inconclusive as to whether the β-hairpin
is formed from the central loop that links the N- and C-terminal ends or if the termini
come together first to create a hydrogen bonding event inward, towards the loop
region.114,
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Because these measurements indicate a linear progression towards an

unfolded state, it could be that the β-hairpin unfolds from the terminal ends first,
progressively unzipping towards the central loop region, which could suggest that the
central loop region may be the most stable portion of the β-hairpin.
These experiments allow insight into the formation of these common secondary
structures. It is extremely important to fully understand the formation of each of these
secondary structures since structure influences biological function.

If the folding

mechanisms of these structures can be fully understood, this could give us insight about
diseases that are caused by protein misfolding. Here, it is evident that two of the most
common secondary structures, the helix and the β-hairpin, have completely different
mechanisms of unfolding, indicating their individual structural complexities.

Osmolyte and Denaturant Studies
310- and π-helix. The effects of TMAO and urea on the structures of the 310-helix
and the π-helix were examined with far UV CD spectroscopy to further examine their
stability in the biological system. Because these two secondary structures have been
found at the terminal ends of the α-helix,112 it was postulated that osmolytes and
denaturants could act on this most unstable segment of the α-helix. Because the 310- and
π-helix have been postulated to be important intermediates in the folding and unfolding
of α-helices,112 the effects of these co-solvents was investigated.
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The 310-helix shows a slight shift towards the folded form in TMAO and towards
the unfolded form in urea, indicating that these co-solvents do have effects on this
secondary structure even when concentrations are very low (Table 7.6 and 7.8). These
co-solvents also have the same effects on the π-helix (Table 7.7 and 7.9). What is
interesting to note is that the stabilizing effects of TMAO are greater for the 310-helix and
the destabilizing effects of urea are greater for the π-helix. This could be the case
because the 310-helix has a higher population in nature, suggesting that it has more
structure and stability than the π-helix. Therefore, TMAO can stabilize a structure more
that is already somewhat structured. The opposite could be true for the denaturing effects
of urea. Since the π-helix is found the least in nature, it is postulate that it has the least
structure; therefore, the urea has an easier time denaturing this secondary structure. Also,
because the 310-helix contains more hydrogen bonds than the π-helix in a finite peptide
chain length, this would make sense. These results suggest that co-solvents can have an
effect on even minor secondary structures, such as the 310-helix and the π-helix.
Although the co-solvents utilized in these experiments were slightly under
physiological concentrations,126 appropriate to ensure a good signal to noise ratio for CD
experiments, they still provide evidence that co-solvent effects are additive. In other
words, as the concentrations of these co-solvents are up- or down-regulated, so will be
their actions.
α-helix.

Because the α-helix is the most stable and most prevalent helical

secondary structure, the stability of this structure was further examined by chemical
means to provide additional suggestions on how this important secondary structure
functions in the biological system.

Relative FRET efficiencies can be utilized to

203

determine the relative distance between the donor-acceptor pair. The higher the relative
FRET efficiency, the closer the relative distance is between the donor-acceptor pair. For
the α-helix model system, relative FRET efficiencies indicate that the distance between
the donor-acceptor pair increases as a function of increasing urea concentration,
indicative of decrease in relative FRET efficiency (Fig 7.23). This shows that urea also
has denaturing effects on the α-helix structure. However, after the concentration is
increased above 6 M urea, there are no additional effects from this co-solvent. These
results indicate that the effects of urea are additive, to a certain point.

It is also

interesting that as the temperature was increased, the urea had an increasingly reduced
effect on the structure of this peptide. However, at physiological temperature, the urea
effects are additive. These results provide a better understanding of the extent urea
denaturation has on α-helix structure.
Collectively, this study provides further details on how two of the most basic
secondary structures function. These results indicate that the formation of the helix
(including the 310-, α-, and π-helix) and the β-hairpin occur with two completely different
mechanisms.

Also, co-solvents appear to additively affect the stabilities of these

peptides.
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