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Collagens are a family of triple-helical structural proteins that are ubiquitous in vertebrates.
Improper folding of collagen can lead to disorders such as osteogenesis imperfecta, or “brittle bone
disease.” There is significant interest in understanding the factors that drive collagen folding and stability,
but studying native collagens is difficult because they are hundreds of amino acids in length. This thesis
describes a series of well-characterized (Pro-Hyp-Gly); model peptides which have been tagged at their
N-termini with the fluorophore pyrene. When in close contact, pyrene units can form excimers that emit
low-energy light. This allows for the study of several fundamental questions in collagen research using
fluorescence spectroscopy, including concentration dependence, folding directionality, and local fraying,
upon solutions that are significantly more dilute than those customarily used in circular dichroism (CD)
experiments. Notably, for most of the peptides studied, there is agreement between the melting
temperatures (Tm) obtained via fluorescence and CD techniques. In addition, the pyrene probes were

found to provide a situational increase in thermal stability of triple helices.
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Chapter 1: Basic Collagen Structure and Function

1.1 Introduction

Collagen is an abundant protein in mammals, and is responsible for a plethora of biological
processes. Collagen is perhaps most important as a structural protein, fulfilling roles as the primary
scaffolding component of the extracellular matrix and of cartilage. Collagen is, in fact, so abundant in the
human body that it accounts for one third of the total protein mass as well as accounting for three-quarters

of the weight of human skin.!
1.2 Structure

Natural collagen is not, in fact, a singular primary sequence of amino acids, but is instead a large
class of proteins. In vertebrates alone, 28 types of collagenous proteins have been identified.! This
defining motif consists of three staggered polypeptide strands coiled together in an overall right-handed
helix of individual left-handed strands, these are known as polyproline type Il helices. These structures
are made possible by the XaaYaaGly repeats that make up each collagen strand, where Xaa and Yaa are
the first two amino acids in each repeat. The amino acids in the Xaa and Yaa position can vary, but it is
necessary in this structure that every third amino acid be a glycine residue for folding to be possible. This
motif is less strictly followed in nonfibrillar collagens? but is necessary for the triple-helical structure to

exist.



Figure 1.1: Hydration structure of a collagen peptide!

In addition to glycine, the other amino acids that form the triple-helix can be nearly any natural
residue, however, the most common residues to take the Xaa and Yaa positions of natural collagen are
proline (Pro) accounting for 28% of total amino acids, and (2S,4R)-4-hydroxyproline (Hyp) at 38%. The
most common three amino acid repeat in collagen is ProHypGly or “POG”, accounting for 10.5% of
triplet repeats. In nature, individual collagen helices (i.e. tropocollagen (TC)) aggregate to form complex
hierarchical structures that fulfill the aforementioned biological roles.? The absence of ascorbic acid
(Vitamin C) prevents the production of hydroxyproline, thus one of the symptoms of the illness scurvy

involves the reduction in hydroxylation of proline.?

Glycine is not always conserved in natural collagen. In fibrillar collagen, any disruption of the
XaaYaaGly sequence leads to disease states, however, in non-fibrillar collagen this motif is frequently
broken.* In a study seeking to understand differences between these two states, peptides mimicking a

natural G5G interruption (G-POALO-G) and a pathological Gly-to-Ala substitution (G-LOAPO-G) were



designed. The G5G peptide showed higher triple helicity and thermal stability than the Gly-to-Ala
peptide. Replacement of Gly appears to always lead to disease states and lower stability, however, natural

interruptions appear to increase stability and promote protein function in nature.®

The primary driving force for collagen triple helical formation is provided by the hydrogen bond.
In natural collagen, a hydrogen bond forms between the N-H bond of each Gly residue, and the adjacent
hydrogen bond acceptor in the form of the carbonyl C=0 of an Xaa residue. Studies have shown that the
strength of each hydrogen bond in a collagen triple helix is between AG°=-1.8 kcal/mol® and AG®=-2
kcal/mol” in model peptides, and closer to AG°=-1.4 kcal/mol in native collagen. These hydrogen bonds

combine to form hyper-stable systems in nature on the backbone of this hydrogen bonding motif.

N1 N2 N3
Gly Pro Hyp

C=0,

Pro.,  Hyp

Hyp b Gl}f __________ o-cPro
Gly " Pro Hyp
C1 c2 c3

Figure 1.2: Depiction of the H-bonding framework in a collagen peptide. Hydrogen bonding takes place
between the amide of the Gly residues with the carbonyl of an adjacent Xaa (depicted here as Proline).

These strands have a one residue stagger.?



Figure 1.3: Depiction of triple helix in a collagen peptide. Individual strands are shown using ribbon,

ball-and-stick, and space filling models, to allow for better visualization of the helix.?

The accepted literature hypothesis of collagen folding dictates that collagen folds from the C
termini toward the N termini in a “zipper like” manner with a rate that is dependent on cis/trans
isomerization of peptide bonds.? To determine the directionality and degree of fraying at the termini of a
small collagen peptide based on a (POG)1o system, sequential isotopic labeling of *N-Gly in 10 peptides
was carried out in order to determine the extent of local fraying at positions along the collagen backbone.
Several two-dimensional NMR techniques were utilized in order to probe both the fraying positions and
the fraying temperature range. The study found that two POG triplets at each termini are necessary to
ensure helical folding. Additionally, a great degree of disorder was found at the C-termini, with fraying
extending 6 amino acids into the (POG)1o sequence, this disorder being influenced by small sequence

changes at the N-terminus.®

1.3 Applications and diseases

Collagen can be extracted from a variety of species, including bovine skin and tendons as well as

porcine skin and intestines.!® This natural collagen is used for a variety of applications, though comes



with the drawback of being less characterized than lab-grown collagen. Endogenous collagen displays a
high degree of biocompatibility and biodegradability for biomedical applications in humans, however,
exogenous collagen can elicit more complex and varied responses when degraded.’® Collagen in a
biomedical setting has been used for the creation of sponges for wound dressing, in films and membranes
for reinforcement of compromised tissues, and as drug delivery mechanisms. Collagen has also been

used to dress burns and ulcers, and as a replacement for skin.°

There are numerous diseases that have been discovered that are associated with malformed
collagen, including osteogenesis imperfecta, in which mutations such as Gly-to-Ala substitutions in Type
I collagen lead to potentially lethal structural irregularities.? As collagen plays a role in the healing of
wounds and bone fractures, any perturbation to collagen formation will at least delay the healing process.
Diseases associated with mutations in collagen structure can play a role in connective tissue disorders,
basement membrane disorders, nervous system disorders, skin disorders, and many other disorders related

to tissues.?

1.4 Introduction to collagen modification

Since its discovery and characterization, there have been many attempts to alter the primary
structure of model collagen peptides to further understand the factors that contribute to collagen stability,
as well as to learn important physical properties of the motif. The aforementioned studies to determine
hydrogen bond strength utilized such studies.®’ Other studies have investigated replacing amino acids at
specific positions in a small collagen peptide with synthetic amino acids, non-optimal amino acids, or
more optimal amino acids to further determine the effects of the identities of the amino acids in the Xaa

and Yaa positions on folding.



1.5 Modifications to the Yaa position

As stated previously, the most common amino acid in the Yaa position of collagen is the Hyp
residue. This residue, formed from hydroxylation of a Pro residue by prolyl 4-hydroxylase (P4H), is
understood to be essential for the stability of natural collagen.? For synthetic, small collagenous peptides,
the sheer degree of stabilization from a Hyp residue in the Yaa position compared to a Pro residue can be
seen when comparing melting (unfolding) temperatures of a (ProHypGly); system with a (ProProGly);
system.?213 For the system containing the Hyp residue, 50% of triple helices are unfolded at a
temperature (Tm) of 36 °C. For the unhydroxylated system, however, a Tr, value could not be obtained as
all strands were unfolded at all temperatures. Arginine is also known to be stabilizing in the triple helix at

the Yaa position and has similar stabilizing properties to Hyp.**

Many other experiments have been conducted in order to further understand the importance of the
Hyp residue at the Yaa position. One such experiment replaced the (2S,4R)-4-hydroxyproline (Hyp) on a
(ProHypGly)1o system with the isomer (2S,4S)-4-hydroxyproline (hyp) and found no triple helix

formation.*®

Replacements of Hyp in the Yaa position with other residues have given further insight into the
method of stabilization at this position. Replacement of Hyp with (2S,4R)-4-fluoroproline (Flp) at the
Yaa position has been shown to yield increased stability in a (ProFlpGly); system.'? This stabilization,
like the effects of the hyp residue, is lost when replaced with the enantiomer of Flp (2S,4S)-4-
fluoroproline (flp).*2 This has led to the determination that the stereochemistry of the electronegative
substituent at the 4-position of the Pro ring is of monumental importance in triple helical formation. This
effect has been hypothesized to be a stereoelectronic effect due to the preference of stabilizing Yaa
proline derivatives to adopt a C?-exo ring pucker as opposed to a C'-endo ring pucker (which is preferred
by natural proline).'? This isomer pre-organizes torsion angles along the main chain to be favorable to
triple helix formation. The 4S versions of 4 position modifications to proline are counterproductive to

this and cause a destabilizing effect.



Nr _Rs /R?.
0O O
Cv-endo ring pucker Cv-exo ring pucker

Figure 1.4: Ring Puckering of a proline like amino acid structure.

One interesting facet of stereoelectronic stabilization is that many groups can be beneficial to the
triple helix when implemented as 4 position proline modifications. (2S,4R)-4-Methoxyproline (Mop)
incorporated in the Yaa position was found to be stabilizing compared to controls,* as were (2S,4R)-4-
chloroproline (Clp) residues.’” Steric effects also play a role in stabilization at this position. For the
residue (2S,4R)-4-methylproline (Mep)*® and (2S,4R)-4-mercaptaproline (Mcp),° steric effects play a
role in forcing the proline ring’s pucker into a C'-exo conformation due to the attached group’s steric

bulk.
1.6 Modifications in the Xaa position

As enforcing a C'-exo ring pucker is important for stabilizing a proline derivative in the Yaa
position, enforcing a C*-endo ring pucker is important for Xaa position stability.?’ Studies have shown
that proline dervitives that are destabilizing in the Yaa position due to their stereochemistry, such as flp,
clp, and mep, are all stabilizing in the Xaa position. In Type IV natural collagen, (2S,3S)-3-
hydroxyproline, a proline derivative formed from a different post-translational modification of proline

residues, is stabilizing in the Xaa position, as it preferentially adopts the C*-endo ring pucker.?

One interesting collagen modification focusing on Xaa modifications involves the introduction of

large hydrophobic groups as substituents on proline rings in the center of the chain. Studies have shown



that the cis/trans isomerization of Xaa-Pro bonds is faster in organic solvents compared to aqueous
solvents.?? Fatty acids, a cholesterol derivative, and an aromatic molecule were attached to the 4-position
of a proline ring on the central triplet of a (POG)7; mimetic peptide. These modifications were shown to
increase melting temperatures by up to ~ 27 °C compared to controls, as well as increase the kinetics of
cis/trans isomerization among Xaa-Pro amide bonds. It is hypothesized that addition of a local
hydrophobic environment through these hydrophobic chains can act as a “glue” to both hold the triple

helix together, while providing the hydrophobic environment conducive to faster triple helical folding.%
1.7 Backbone modifications

The vast majority of the research that has been done to date attempting to increase the stability of
collagen peptides has relied on modifications of proline residues through synthetic modification.
Relatively little work has been done on modifications that specifically seek to alter the peptide backbone
of collagen systems, however, one modification has proved quite successful at stabilizing triple helices.
That success is the introduction of an aza-glycine (azGly) residue in place of glycine. Replacement of
Gly residues with azGly in a central repeat of a (POG)7 analog increases the melting temperature by ~ 10
°C.2* This increase in stability is further exaggerated when multiple azGly residues are incorporated,
giving rise to triple helices even for short peptides of only twelve amino acids.?® This stabilization is also
somewhat dependent on position, providing additional stability in the center of the chain of a (POG),
analog compared to modifications at the N- or C- termini.? Studies of the resolved structures of these
azGly-containing collagen systems reveal the additional hydrogen bond donor as within a reasonable
molecular distance of nearby C=0 groups for additional hydrogen bonding. Additionally, replacement of
the a-carbon of Gly with an N-H group pre-organizes the triple helical geometry to favor triple helices.?
As hydrogen bonds are essential to the formation of the triple helix, and as pre-organizing geometries
along the triple helix lessens the energetic cost of folding, the azGly residue appears to be the current best

option for increasing collagen stability through backbone modifications.



O—0O

OH

Figure 1.5: Aza Glycine

Other modifications focus on capping of a small collagen peptide with some anchoring group.
Self-assembly of higher order triple helical structures have been made possible through modifications to
the N- and C- termini of small collagen peptides through utilization of cation-pi interactions. Arginine (R)
has a cationic sidechain at neutral pH, and phenylalanine (F) has an aromatic side chain. Electrostatic
interactions between the electron clouds of phenylalanine and the positively charged sidechain of arginine
are favorable and were hypothesized to promote aggregation of small collagen peptides in a RG(POG)10F
peptide.?” Investigating the role of capped termini versus uncapped charged collagen showed a
destabilizing effect of uncapped charged collagen due to pH dependent electrostatic repulsion.?
Experimentally, this system was shown to form higher order structures as well as possess a higher Ty, than
controls.?” Incorporation of metal binding sites into collagenous peptides have also been shown to
increase stability in a heterotrimer system of (POG)1 cores anchored by C-terminal ProAlaHis, AlaHis,
and His residues. His residues are well known to coordinate to transition metal ions in a predictable
manner. Addition of Zn(lI1) and Cu(ll) ions into this heterotrimeric system caused an increase in melting

temperature of ~ 2.6 and 10.0 °C, respectively, compared to the same system in the absence of metal.?®

In a comprehensive study performed by Horng et al.,*® the effects on triple helical stability due to
distortions using alanine, B-alanine, and sarcosine residues at different glycine positions in the triple
helical network of (POG)s analogous systems provided insight into collagen folding and stability. It was
found that distortions on the C-terminal end are more destabilizing than at the N-terminus, further
supporting the hypothesis that folding propagates from the C-to-N termini. Additionally, this paper gives

9



insight into the destabilizing effects of a Gly-to-Sar replacement in the central position, destabilizing the
helix considerably more than distortions at the C- or N-termini due to the interruption in the hydrogen

bonding network.

CHj

HN——CH

H

O—0O

OH

Figure 1.6: Sarcosine (Sar) residue. The methyl group replaces a hydrogen bond donor, destabilizing the

triple helical network.

1.8 Basics of « - & stacking

The remainder of this thesis is focused on the effects of attaching large aromatic groups to the N-
terminus of collagen strands. Thus, an introduction to so called “n - & stacking is warranted”. Of the
many intermolecular and intramolecular interactions that are the basis for supramolecular chemistry,
materials science, and biochemical aggregations, there are few interactions more divisive than that of & -
7 stacking or 7 - 7 interactions. These “stacking” interactions are thought to occur between the 7 systems
of adjacent aromatic systems, which result in more stable aggregates. This model has, however, not held
up in most computational modeling, and the favorable aggregates are instead thought to be a result of
many interactions, including van der Waals interactions, electrostatic interactions, and solvent dependent

interactions, such as the hydrophobic effect in aqueous solvents.®

While stacking interactions are certainly more complex than simple orbital overlap, this idea is
often invoked whenever aromatic systems aggregate. Of the factors that are involved in stacking
interactions, perhaps the most important is electrostatic. These interactions are depicted below.
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Figure 1.6: Depiction of theorized electrostatic interactions between aromatic systems. The electron
cloud is colored blue with the electropositive plane shown in red. For the face-to-face interaction,
surrounding molecules are represented as acting as a hydration shell, with electropositive components in

red and electronegative atoms in blue.

As would be expected, simple face to face aromatic interactions are not electrostatically favorable
due to charge repulsion between electron clouds. Off-center and face-centered interactions, however, are

electrostatically advantageous and could give rise to aggregation.®

Another component of stacking interactions that is often ignored is hydrophobic interactions in
aqueous media. As aromatic species are more often than not non-polar, it is appropriate to assume that in
a polar solvent (such as water) these non-polar components will aggregate. These interactions are driven
largely by the entropic gain of reducing ordered “ice-like” water volume by minimizing exposed nonpolar
surfaces, and by the enthalpic gain of allowing polar solvents to interact with each other in the solvation

sphere.

Molecular distance additionally plays a major role in stacking interactions. For a stacking
interaction, literature suggest that the aromatic systems need be within 3.4 — 3.8 Angstroms of each other,

or within an adequate van der Waals distance.®
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1.9 Stacking interactions in nature

Previous work has shown that aromatic side chains of amino acids appear to aggregate in some
protein structures, most notably in amyloid plaques or in the interior of proteins.®? Numerous studies of
both proteins and peptides have shown non-covalent interactions as being important when considering
folding and stability, however, the contribution of “stacking” interactions as the driving force for these
interactions is debated due to the high variance in the geometries and preferred conformations of these
aggregates.® One area of stacking interactions in nature that is well understood are those interactions
present in DNA. The structure of DNA has been known to incorporate stacking interactions between base
pairs for some time. Interactions between base pairs and amino acids may also occur and have been
supported by several different studies showing face-centered geometry of a phenylalanine-adenine

interaction.®!

1.10 Pyrene and its properties

Pyrene is a large flat aromatic compound that has been widely studied due to its remarkable
fluorescence behavior.3* Pyrene as a fluorophore emits light from 370-430 nm when excited in the UV
region in its monomeric state. Pyrene, however, can form an excited state dimer or “excimer” when
another chromophore is in close proximity. This excimer fluoresces at lower energy peaking at around
485 nm. Given its dependence on distance, the intensity of the excimer varies with concentration of the
fluorophore. Local concentration can be increased by forcing the monomers into close proximity.*
Luminophores containing pyrene fluorophores usually display high quantum yields and thermal
stability.® The pyrene excimer is also known to be a result of face-to-face n stacking.*® As n- & stacking is
of utmost importance for the formation of the pyrene excimer, excimer fluorescence can give information

on the types of aggregation taking place in a solution containing pyrene fluorophores.
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Figure 1.7: Stereotypical pyrene fluorescence. A stereotypical pyrene emission scan showing monomer

fluorescence below 430 nm and excimer fluorescence appearing at lower energy.

Figure 1.8: Off-center face-to-face stacking of pyrene. Visual representation of a stacking geometry of

pyrene that would give rise to an excimer.



1.11 Goals of this research

In the preceding sections, collagen structure and modification have been described in detail, with
an eye toward stabilizing the triple helix. Additionally, the phenomenon of “zn- @ stacking” was described
briefly, in relation to the fluorophore pyrene. The following chapters of this thesis will seek to combine
these topics toward the synthesis of a pyrene labeled collagen system, with the hypothesis that stacking
interactions between pyrene fluorophores will allow for the analysis of thermal unwinding at low

concentrations by fluorescence spectroscopy.
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Chapter 2: Synthesis and peptide design

2.1 Introduction

This chapter details the synthesis and characterization of pyrene-bearing collagenous peptides.

Included are the design rationale of the peptide systems, synthesis and purification techniques, and

characterization of each system.

2.2 Peptide design

N-Terminal pyrene-anchored collagenous peptides were synthesized in order to provide materials

for testing by CD and fluorescence spectroscopies. Each system was synthesized using a XaaYaaGly core

of ProHypGly for seven repeats with an additional amino acid flanking each end. The flanking amino

acids were expected to impart differing degrees of fraying to the helix, which could then be probed by

monitoring pyrene excimer emission. The following peptides were synthesized:

Formulae

Abbreviation

Ac-K(POG)7K-NH;

Pyrene(CH2)CO-K(POG);K-NH,
Pyrene(CH2)3CO-K(POG);K-NH;
Pyrene(CH2)3CO-K(POG)7A-NH;
Pyrene(CH2)sCO-A(POG)/K-NH;

Pyrene(CH,)sCO-E(POG);A-NH,

Pyrene(CH2)sCO-
K(POG)sPOSarcosine(POG)sK-NH;

Pyrene(CH2)sCO-KPOSarcosine
(POG),POSarcosine(POG),POSarcosineK-
NH>

Ac-KK
Pyr(1)-KK
Pyr(3)-KK
Pyr(3)-KA
Pyr(3)-AK
Pyr(3)-EA
Pyr(3)-KSarK

Pyr(3)-KSars:K



Table 2.1: List of synthetic pyrene-labeled collagen systems, with associated abbreviations.

Abbreviations for each system will henceforward be used for clarity. Lys (K) was chosen to
serve as the primary bracketing residue for several reasons. Lysine residues were expected to increase
solubility in an aqueous buffer, while minimizing aggregation of adjacent triple-helical systems into
higher-order structures through charge repulsion. The effects of these Lys residues at the terminal
positions of the collagen core were further probed through replacement with either Ala to investigate the
destabilizing effects of this Lys residue on the N- or C-termini, or Glu to investigate how replacement of a
cationic amino acid with an anionic amino acid impacts stability on the N-terminus. Additional systems
were synthesized with the amino acid sarcosine (Sar) in place of glycine at some positions. Replacement
of glycine with sarcosine should prevent formation of triple helices due to distortion of the hydrogen

bonding network.3%37
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Figure 2.1: The Ac-KK system.
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Figure 2.2: The Pyr(1)-KK system.

18



Figure 2.3: The Pyr(3)-KK system.
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Figure 2.4: The Pyr(3)-KA system.
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Figure 2.5: The Pyr(3)-AK system.

21



o
.

| ™
N—cy—c—n

|

Ch,

,

I

c=o

s
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Figure 2.7: The Pyr(3)-KSarK system. Sarcosine residue is shown with the methyl group in red.
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Figure 2.8: The Pyr(3)-KSars:K system. Sarcosine residues are shown with methyl groups in red.
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2.3 Experimental conditions and solid phase peptide synthesis

Peptides were synthesized using Fmoc-based solid-phase peptide synthesis (SPPS) on Rink amide
low-loading resin. Amino acids were coupled in the presence of HBTU using N,N-dimethylformamide
(DMF) as a solvent, 7% N,N-diisopropylethylamine (DIPEA) in DMF as an activant, and 20% 4-
methylpiperidine in DMF as a deprotectant. For each pyrene containing system, a vial containing either
pyrenebutyric acid “Pyr(3)” or pyreneacetic acid “Pyr(1)” was treated as an amino acid in the last
synthesis step. Non pyrenated peptides were capped with an acetyl group using acetic anhydride. In the
synthesis, each coupling step involving proline was programmed to occur twice without removal of the
Fmoc protecting group from the first coupling step. This was done in order to maximize yield of pure
peptide as Pro residues were presumed to be difficult coupling steps. Hyp residues were also “double
coupled” in this manner for the last 5 Hyp residues added. The very first amino acid (at the C-terminus)

was also double coupled.

Following synthesis, the resulting crude resin was washed over suction with glacial acetic acid,
dichloromethane, and methanol. Following washing, the resin was dried under vacuum for > 3 hours
before weighing to determine a crude yield. Following weighing, the resin was cleaved from the attached
peptide with a mixture of 2 mL of trifluoroacetic acid, 100 uL of triethylsilane, and 100 pL of anisole,
which was stirred for two hours. Following cleavage, the resin was filtered by suction and the filtrate was
pipetted into a tube of ice cold diethyl ether and left to precipitate for >2 hours. Following equilibration,
the peptide was filtered out of solution by suction. These crude peptides were then purified by HPLC for

analysis.

2.4: Characterization of synthesized peptides

2.4.1: HPLC traces

High performance liquid chromatography was performed on each synthesized system in an

attempt to purify the resultant crude peptide mixture from each SPPS operation. These experiments were
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performed on a BioLogic Duo Flow HPLC using analytical and preparatory C — 18 columns to purify

peptides. Eluents were distilled water and acetonitrile, each containing 1% trifluoroacetic acid in order to

discourage aggregation. Each run was completed over varying time periods and flow rates depending on

the composition of each crude peptide mixture, and the wavelengths 214 nm, 254 nm, 280 nm, and 355

nm were each monitored over the course of the experiments to allow for determination of retention times.

Species could then be analyzed by mass spectrometry to determine the success of each synthesis.

3.5
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Sample Chromatogram: Ac-KK
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Figure 2.9: Representative chromatogram of Ac-KK, collected via HPLC. The peak with retention time

of approximately 8 minutes was found to be the correct peptide. *This chromatogram was collected from

previously purified Ac-KK, as the original chromatogram following synthesis was lost due to a hard drive

error.
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Figure 2.10: Representative chromatogram of Pyr(1)-KK, collected via HPLC. Wavelengths monitored

are indicated in the legend on the graph. A fraction was collected at ~ 10 minutes (600 seconds) to be

analyzed by mass spectrometry. * This chromatogram is of an attempt to re-purify the original pure

peptide after use. The original chromatogram following synthesis was lost due to a hard drive error.
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Figure 2.11: Representative chromatogram of Pyr(3)-KK collected via HPLC. Monitored wavelengths
are indicated in the legend on the graph. The peak with a retention time of 11 minutes was shown to be

the correct species.
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Figure 2.12: Representative chromatogram of Pyr(3)-KA, collected via HPLC. Monitored wavelengths
are indicated in the legend on the graph. The peak with a retention time of 13 minutes was shown to be

the correct peptide.
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Figure 2.13: Representative chromatogram of Pyr(3)-AK, collected via HPLC. Monitored wavelengths

are indicated in the legend on the graph. The peak at approximately 14 minutes was found to be the

correct peptide.
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Figure 2.14: Representative chromatogram of Pyr(3)-EA collected via HPLC. Wavelengths measured are

indicated in the legend on the graph. The peak with a retention time of approximately 13 minutes was

found to be the correct peptide.
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Figure 2.15: Representative chromatogram of Pyr(3)-KSarK, collected via HPLC. Monitored
wavelengths are indicated in the legend on the graph. The peak with a retention time of approximately 15
minutes was found to be correct peptide. * This chromatogram is of an attempt to re-purify the original

pure peptide after use. The original chromatogram following synthesis was lost due to a hard drive error.
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Sample Chromatogram: Pyr(3)-KSar3K
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Figure 2.16: Representative chromatogram of Pyr(3)KSarsK, collected via HPLC. Monitored
wavelengths are indicated in the legend on the graph. The peak with a retention time of 11 minutes was

shown to be the correct peptide by mass spectrometry.

2.4.2: Mass spectrometry

Prominent peaks from above were tested by mass spectrometry using either Quadropole time-of-
flight (Q-tof) or Matrix Assisted Laser Desorption lonization time-of-flight (MALDI-tof) instruments in
order to determine the identity of these peaks as desired product. MALDI was used for the Pyr(3)-KA
and Pyr(3)-EA systems, as the Q-tof was unavailable. Once the identities of each system were confirmed,

the peaks in question from HPLC were isolated for further experiments.
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Figure 2.17: Mass spectrometry of Ac-KK. A.) Full collected spectrum. B.) Expansion of the region at ~

1093 amu confirming the peptide’s identity. Calculated for (M+2H)?" m/z = 1093.55 amu.
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Figure 2.18: Mass spectrometry of Pyr(1)-KK. A.) Full collected spectrum. B.) Expansion of the region

at ~ 1193 amu indicative of the desired peptide. Calculated for (M+2H)?" m/z = 1193.58 amu.
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Figure 2.19: Mass spectrometry of Pyr(3)-KK. A.) Full collected spectrum. B.) Expansion of the region

at ~ 1208 amu indicative of the desired peptide. Calculated for (M+2H)?* m/z = 1207.60 amu.

34



x104

Pyr(3)14min_run2 0:823 MS Raw

E}
& 25 225346
2
g
£
20+
154
1.0
059 313.279
471.148
332.241
i I 701381 1218536 2379.070
00— bliA .
T 7 T 7 T
500 2000 2500 3000 3500
. miz
B 2379070 Pyr(3)14mn_run2 0.523 MS Raw
2 H
i
£
400
3200
200 2357077
2305033
100
T T T T T T
2350 2370 2380 2390 2400 2410

B 23‘50

Figure 2.20: Mass spectrometry of Pyr(3)-KA. A.) Full spectrum collected via MALDI-tof. B.)

Expansion of the region at ~2379 amu indicative of the desired peptide with an attached sodium.

Calculated for (M+2H)?* m/z = 2357.12 amu.
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Figure 2.21: Mass spectrometry of Pyr(3)-AK. A.) Full collected spectrum. B.) Expansion of the region

at ~ 1179 amu indicative of the desired peptide. Calculated for (M+2H)?" m/z = 1178.56 amu.
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Figure 2.22: Mass spectrometry of Pyr(3)-EA. A.) Full collected spectrum collected via MALDI-tof. B.)
Expansion of the region at ~2380 amu indicative of the desired peptide with the addition of a sodium ion.

Calculated for (M+2H)?* m/z = 2357.06 amu.
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Figure 2.23: Mass spectrometry of Pyr(3)-KSarK. A.) Full collected spectrum. B.) Expansion of the

region at ~ 1214 amu indicative of the desired peptide. Calculated for (M+2H)?* m/z = 1214.60 amu.
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Figure 2.24: Mass spectrometry of Pyr(3)-KSarsK. A.) Full collected spectrum. B.) Expansion of the

region at ~ 1228 amu indicative of the desired peptide. Calculated for (M+2H)?* m/z = 1228.62 amu.
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2.5 Circular dichroism studies
2.5.1: Determination of secondary structure

Each system, following verification by mass spectrometry, was analyzed using a Jasco CD
Spectrometer to determine the triple helicity and thermal stability in a pH 7.4, 0.10 M phosphate buffered
saline (PBS) solution. Samples were dissolved in buffer to a concentration of approximately 0.2 mM and
allowed to stand overnight at 4 °C in the dark to equilibrate before measurement. Spectra were acquired
at 20 °C (293.15 K) measuring the differential absorbance from 190 — 240 nm. A local maximum at ~
224 nm in the CD spectrum indicative of a polyproline helix was utilized to quantify collagen secondary
structure; loss of intensity of this peak during denaturation studies was taken as evidence for unfolding.
Additionally, deviations in spectra from the baseline Ac-KK spectrum were used to qualitatively indicate

differences in secondary structure through further modifications, i.e. the incorporation of pyrene.
2.5.2: Thermal denaturation experiments

Following determination of a “collagen like” secondary structure for each system, the systems
were subjected to thermal denaturation studies in order to determine the unwinding temperature (Tm) of
each system. Systems were heated from 10 — 60 °C at 12 °C/hour, measuring the change in ellipticity at
224 nm. It is important to note that the Pyr(3)AK system was measured from 10 — 80 °C, as full thermal
denaturation had not occurred by 60 °C and therefore the resultant T, values to this temperature were
inaccurate. All thermal denaturation experiments were performed in triplicate to ensure repeatability.
Thermally denatured peptide was not reused for additional CD thermal denaturation experiments to

ensure no biases were introduced by re-use.

Following measurement, the thermal denaturation data were fitted to a two-state model as
described by previous studies, where X, is the fraction of the native folding state at temperature T, and Tr,

is the melting temperature of the peptide.®
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X, =1/[1+exp <—AH° 1;—;_"1)] 1)

Equation 2.1: Thermal unfolding equation

This equation allowed for the determination of melting temperature values as well as enthalpies of
unfolding (AH). Thermal denaturation data were also used to support qualitative CD spectral
measurements, as cooperative unfolding of a system is indicative of triple helical denaturation and in turn,

the identity of the species as triple helical collagen.

2.6 Fluorescence studies
2.6.1: Fluorescence spectra collection

Fluorescence experiments on each pyrene containing peptide were performed on a Photon
Technologies International (PTI) fluorometer. Emission data were acquired from 370-600 nm for each
system and concentration unless otherwise noted. A point on the shoulder of pyrene’s absorbance
spectrum (365 nm) was used as the excitation wavelength, as at that wavelength all sample solutions had
optical density < 0.1. This allowed higher concentrations than are typically used in fluorescence studies to
be tested. All measurements were done with an integration time of 0.25 seconds, two averages, and a slit
width of 1 mm. PBS was used as the solvent for each measurement, and a 1.0 cm quartz cuvette was used

for sample collection.

For the purposes of determining triple helicity via fluorescence, the pyrene excimer was
examined. Loss of excimer character in the fluorescence spectra was attributed to a decrease in triple
helicity, while any increase in excimer was attributed to increased triple helical character. After
inspection of several emission scans, 428 — 429 nm was chosen as the cutoff for excimer character for the

purposes of peak integration, where the peak area at 428 nm and below was attributed to monomer
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fluorescence and any peak intensity over 429 nm was attributed to triple helix or some other type of

aggregation.

It is hypothesized that presence of excimer fluorescence will be indicative of triple helix
formation due to the distance limit of stacking interactions.® Loss of that excimer fluorescence due to the

changing of a variable should then be indicative of unwinding of the triple helix.

2.6.2: Concentration dependent studies and folding Kinetics

In order to determine the effective concentration to perform fluorescence experiments on triple
helical collagen, several studies were performed on pyrene containing systems to determine the effect of
concentration on excimer intensity. The integrated intensity of excimer fluorescence was compared to
monomer fluorescence over a range of concentrations from ~ 5 — 55 uM. These studies were performed
through the use of a series of separate solutions brought to known concentrations from a stock solution of
~ 0.6 mM. PBS buffer (2.00 mL) was added to each of ten vials, with aliquots of stock peptide solution
added in volumes ranging from 20 — 200 uL using an appropriate pipettor. These solutions were then left
overnight in a refrigerator at 4 °C to equilibrate before measurement. Initial attempts using a simple
titration of stock peptide solution followed by data acquisition did not allow adequate time for
equilibration to occur between measurements. This determination was made following a kinetic
experiment that utilized 30 uM solutions of Pyr(3)-KA. Two solutions were made of this peptide
solution, one being allowed to equilibrate overnight at 4 °C with the other heated beyond the determined
CD melting temperature to 50 °C for 20 minutes prior to measurement. Both solutions were then analyzed
by fluorescence spectroscopy at 15 min time intervals to measure growth or loss of integrated excimer
intensity. The results were fitted to the equation described in the next section (Equation 2.2). This
equation allowed for the determination of both rate constants (k) for folding and unfolding of the peptide

in question as well as a half-life of folding (ti). The results of this study necessitated the method for
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concentration dependent measurements described above, as peptides were found to take hours before

reaching equilibrium.

1 nt
PREEY. (2)

a=t/

Equation 2.2: Refolding kinetics equation.®®

Here, a is the fraction folded at time t, k; is the rate constant, cq is the initial concentration, and n is the
order of the reaction. The value for t1> can be interpolated from the results of the equation fit to a set of
data for an estimated reaction order. For rate of unfolding, the inverse of the excimer/monomer ratio was

used as the y-axis in order to fit the data with the equation.

2.6.3: Thermal denaturation analyzed by fluorescence

Thermal denaturation experiments were performed using an attached water bath to modulate the
temperature. Due to loss of heat between the external water bath and the cuvette containing the peptide
solution, an offset equation was first determined by comparing the actual temperature in a cuvette with
the set temperature on the water bath in order to ensure the validity of temperature variables. This was
done via manually determining the temperature in a water filled cuvette housed in the cell holder of the
fluorometer over a temperature range using a thermometer. The results were fitted to a graph finding an

offset equation of:
T = 0.87(T,) + 3.1 (3)

Equation 2.3: Water bath offset equation. T represents the actual temperature in the cuvette with T, being

the set temperature on the attached water bath.

Solutions used for thermal denaturation experiments were set to 50 pM in PBS in order to

promote triple helical formation. Studies on less concentrated solutions suggested that at concentrations
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below ~ 30 uM systems were not triple helical as judged by the absence of excimer formation.
Fluorescence spectra were taken at 5 °C increments from 10 — 60 °C and the resulting data was fit to the
same equation used to fit CD melting curves.*® Monomer fluorescence was determined to be calculated
from 370 — 428 nm and excimer fluorescence from 429 — 600 nm. These cutoffs correspond to an iso-
emissive point found in the spectra of temperature dependent studies of Pyr(3)-KA. The integrated
intensity of the monomer region of the graph was set as ratios between zero and one in order to fit
equation (2), with zero being the least intense measurement and one being the most intense. This decision
was made due to the lack of consistency between fluorescence in the excimer region between systems, as
fitting the data with this region yielded results that were highly suspect. Fitting in this manner yielded
“fraction unfolded” curves. All thermal denaturation studies via fluorescence were performed in

duplicate.
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Chapter 3: Results of circular dichroism and fluorescence experiments

3.1 Collagen spectral data

Circular dichroism spectroscopy was used to probe the triple helicity of each system. Spectral

results are shown in the following section of both individual spectra and overlaid spectra.

Ac-KK CD Spectrum

20
J Ac-KK

20

404

Ellipticity [mdeg]

.60

-804

00
200 210 220 230 240 250

Wavelength (nm)

Figure 3.1: CD spectrum of the Ac-KK system. Spectrum displays characteristic Amax 0f ~224 nm

indicative of triple helical structure.



Pyr{1)-KK CD Spectrum
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Figure 3.2: CD spectrum of the Pyr(1)-KK system. Spectrum displays characteristic Amax 0f ~224 nm
indicative of triple helical structure.
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Figure 3.3: CD spectrum of the Pyr(3)-KK system. Spectrum displays characteristic Amax 0f ~224 nm

indicative of triple helical structure.
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Pyr(3)-KA CD Spectrum
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Figure 3.4: CD spectrum of the Pyr(3)-KA system. Spectrum displays characteristic Amax Of ~224 nm

indicative of triple helical structure.
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Figure 3.5: CD spectrum of the Pyr(3)-AK system. Spectrum displays characteristic Amax Of ~224 nm

indicative of triple helical structure.
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Pyr(3)-EA CD Spectrum
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Figure 3.6: CD spectrum of the Pyr(3)-EA system. The maximum absorbance is slightly blue-shifted

away from ~224 nm. In addition, the signal at ~ 200 nm is less intense than the other peptides in this

study.

Pyr(3)-KSarK CD Spectrum
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Figure 3.7: CD spectrum of the Pyr(3)-KSarK system. Spectrum displays characteristic Amax Of ~224 nm

indicative of triple helical structure.
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Pyr(3)-KSar K CD Spectrum

] | —— Py ksard |

20
40

60

Ellipticity [mdeg]

_80_-

-100

-120 T T T T T T

Wavelength (nm)

Figure 3.8: CD spectrum of the Pyr(3)-KSarsK system. Spectrum displays a slightly blue shifted Amax Of

~222 nm possibly indicating some structure other than a triple helix.
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Figure 3.9: Overlaid CD Spectra of each measured collagen analogue. A.) Full spectra of each show
perturbation of collagen structure with various modifications to the Ac-KK control species. B.) Expanded
view highlights blue shifts in the Pyr(3)-KSar:K and the Pyr(3)-EA systems.
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3.2 Thermal denaturation experiments analyzed by CD spectroscopy

Thermal denaturation experiments using CD were performed using the method described in Chapter 2,

with data fit to a two-state equation.®® The following are the results.

Ac-KK Melting Curves by CD
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Figure 3.10: Thermal denaturation studies of Ac-KK. Each trial is shown to indicate repeatability.

Thermodynamic parameters can be found in Table 3.1.
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Figure 3.11: Thermal denaturation studies of Pyr(1)-KK. Each trial is shown to indicate repeatability.

Thermodynamic parameters can be found in Table 3.1.

Pyr(3)-KK Melting Curves by CD
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Figure 3.12: Thermal denaturation studies of Pyr(3)-KK. Each trial is shown to indicate repeatability.

Thermodynamic parameters can be found in Table 3.1.

Pyr(3)-KA Melting Curves by CD
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Figure 3.13: Thermal denaturation studies of Pyr(3)-KA. Each trial is shown to indicate repeatability.

Thermodynamic parameters can be found in Table 3.1.
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Pyr(3)-AK Melting Curves by CD
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Figure 3.14: Thermal denaturation studies of Pyr(3)-AK. Each trial is shown to indicate repeatability.

Thermodynamic parameters can be found in Table 3.1.

Pyr(3)-EA Melting Curves by CD
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Figure 3.15: Thermal denaturation studies of Pyr(3)-EA. Each trial is shown to indicate repeatability.

Thermodynamic parameters can be found in Table 3.1.
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Pyr(3)-KSarK Melting Curves by CD
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Figure 3.16: Thermal denaturation studies of Pyr(3)-KSarK. Each trial is shown to indicate repeatability.

Thermodynamic parameters can be found in Table 3.1.

System Average T, °C Average AH (kcal/mol)
Ac-KK 309+13 32.4+0.9

Pyr(1)-KK 328+0.3 324+05

Pyr(3)-KK 38.7+0.3 30.7+15

Pyr(3)-KA 38.4+06 258+13

Pyr(3)-AK 64.5+0.2 452 +2.6

Pyr(3)-EA 30.6+0.3 31.7+13
Pyr(3)-KSarK 25.7+0.3 416+04
Pyr(3)-KSarsK N.A. N.A.

Table 3.1: Combined thermal denaturation data via circular dichroism. Temperatures and unfolding

enthalpies shown are averages of the three trials with the standard deviations shown.
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3.3: Exploration into concentration effects of fluorescence

Fluorescence studies posed more of a challenge than originally anticipated due to the behavior of
collagen systems at the relatively low concentrations that are more typical for emission spectroscopy.
Therefore, before thermal denaturation experiments were completed, several experiments were performed
in order to ensure that the conditions for thermal denaturation would yield valid results. These results are

highlighted in the following section.

Concentration Dependent Fluorescence Concentration Dependent E/M Ratio
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Figure 3.17: Concentration dependence of Pyr(3)-KA. A.) Several solutions of known concentration
were studied to determine the effect of concentration on excimer fluorescence. B.) An increase in the ratio
of integrated intensity of excimer fluorescence (429 — 600 nm) compared to the intensity of the monomer
(370 — 428 nm) can be observed. It follows an approximately linear relationship within the concentration

range 10 — 60 puM.
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Concentration Dependent Fluorescence
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Figure 3.18: Concentration dependence of Pyr(3)-KSarK. A.) Several solutions of known concentration
were studied to determine the effect of concentration on excimer fluorescence. B.) An increase in the ratio

of integrated intensity of excimer fluorescence (429 — 600 nm) compared to the intensity of the monomer
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(370 — 428 nm) can be observed. It follows a strictly linear relationship across all concentrations.
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Concentration Dependent Fluorescence Concentration Dependent E/M Ratio
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Figure 3.19: Concentration dependence of Pyr(3)-KSars;K. A.) Several solutions of known concentration
were studied to determine the effect of concentration on excimer fluorescence. B.) An increase in the ratio
of integrated intensity of excimer fluorescence (429 — 600 nm) to the intensity of the monomer (370 — 428
nm) can be observed, however, there is no well-defined linear relationship compared to triple helical

systems.
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Folding Kinetics Unfolding Kinetics
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Figure 3.20: Kinetics of folding/unfolding for Pyr(3)-KA. A 30 uM solution of Pyr(3)-KA was either
A.) pre-heated allowing for determination of refolding kinetics, or B.) Pre-cooled, allowing for
determination of unfolding kinetics at room temperature. Half-life (t.) values were extracted from the fit

line. C.) Depicts both folding and unfolding curves, with folding appearing to be a faster process.
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3.4: Thermal denaturation experiments analyzed by fluorescence spectroscopy

To determine the applicability of utilizing fluorescence to determine the triple helicity of collagen
model systems, thermal denaturation experiments were performed in a manner similar to the previously
described circular dichroism experiments. Following preliminary thermal denaturation experiments at
low < 5 uM concentrations (Figure 3.21), concentration dependent fluorescence studies highlighted in
section 3.3 were conducted to ensure that solutions were concentrated enough for a significant amount of
aggregation to occur. A concentration of ~ 50 uM was chosen as the most optimal for performing thermal
denaturation studies via fluorescence spectroscopy. The results of these studies are highlighted in the

following section.

Fluorescence Melt of Pyr(3)-KK at 5 uM
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Figure 3.21: Fluorescence melt of Pyr(3)-KK at low concentration. At concentrations of ~ 5 pM Pyr(3)-
KK does not appear to be triple helical, as judged by absence of excimer fluorescence. Due to this,
concentration studies described in the previous section were conducted to ensure that solutions were

concentrated enough for a significant amount of aggregation to occur.
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Fraction Unfolded

Pyr(1)-KK Monomer Fluorescence
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Figure 3.22: Fluorescence response of Pyr(1)-KK as a function of temperature. A.) Change in the

normalized monomer integrated intensity, a proxy for the fraction of peptide in a folded state. B.) Raw

spectra.
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Figure 3.23: Fluorescence response of Pyr(3)-KK as a function of temperature. A.) Change in the

normalized monomer integrated intensity, a proxy for the fraction of peptide in a folded state. B.) Raw

spectra.

59
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Figure 3.24: Fluorescence response of Pyr(3)-KA as a function of temperature. A.) Change in the
normalized monomer integrated intensity ratio, a proxy for the fraction of peptide in a folded state. B.)

Raw spectra.
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Figure 3.25: Fluorescence response of Pyr(3)-AK as a function of temperature. A.) Change in the
normalized monomer integrated intensity, a proxy for the fraction of peptide in a folded state. B.) Raw

spectra.
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Pyr(3)-EA Monomer Fluorescence
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Figure 3.26: Fluorescence response of Pyr(3)-EA as a function of temperature. A.) Change in the

normalized monomer integrated intensity, a proxy for the fraction of peptide in a folded state. B.) Raw

spectra.
System Average T °C Average AH (kcal/mol)
Ac-KK N.A. N.A.
Pyr(1)-KK 313 376
Pyr(3)-KK 39.2 48.6
Pyr(3)KA 37.7 42.0
Pyr(3)-AK 413 28.8
Pyr(3)-EA 318 31.1
Pyr(3)-KSarK N.A. N.A.
Pyr(3)-KSarsK N.A. N.A.

Table 3.2: Combined thermal denaturation data via fluorescence: Temperatures and unfolding

enthalpies shown are averages of the two trials.
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Chapter 4: Discussion
4.1 Collagen spectral data analysis

Circular dichroism (CD) spectrometry was used to probe the higher-order structure of synthesized
collagen systems. The data are consistent with triple helices for each of the synthesized peptides with the
exception of the Pyr(3)-KSars;K system. Interestingly, the Pyr(3)-KSarK system is able to adopt a
collagen like structure according to the CD results, however, its blue shift in in the absorbance maximum
suggests that it is not a typical triple helix. Literature data has indicated that in the case of an aza-glycine
substituted system, distortion of the central hydrogen bond appears to have a great effect on the overall
stability. In the azGly system synthesized by Chenoweth et al. increasing the number of hydrogen bond
donors in the central position appeared to have the most stabilizing affect compared to increases in
stability at the termini. Similarly, previous work has shown that distortions in the hydrogen bonding
network in the central position of a triple helix has a greater destabilizing affect than distortions
elsewhere.? Disruption at this site in the Pyr(3)-KSarK system should not yield a triple helix, yet a
collagen like structure is observed. Nonetheless, the addition of pyrene onto the N-termini of triple helical

systems did not appear to significantly disrupt formation of collagen like triple helical structures.

The Pyr(3)-EA system additionally displayed a CD spectrum that made the determination of
triple helicity difficult due to the low intensities of the maximal and minimal absorbances in the spectrum.
These results initially led us to suspect that monomeric collagen was being detected rather than the triple
helical form. However, the system did display cooperative unwinding, although with a low melting
temperature when subjected to a CD melting study, implying that the system was in fact structured
(though not necessarily trimeric). This instability in the Pyr(3)-EA system could exist due to the repelling
force of anionic glutamic acid groups in between the pyrene and collagen core with the pyrene systems
themselves. The large aromatic cloud of pyrene has significant electron density that would seek to repel

Glu sidechains and may destabilize the N-termini.



Additionally, in all cases where pyrene was incorporated, the spectra were distorted compared to
the spectra obtained for Ac-KK (Figure 3.9). These distortions are most likely due to the attractive and
repulsive forces of pyrene residues, and support the idea that addition of these residues does somewhat
perturb the triple helix compared to control systems. The degree to which this distortion impacts the
guaternary structure of collagen, however, is not determinable through the spectroscopic techniques

utilized in this research.

4.2 Discussion of thermal denaturation studies analyzed by CD spectrometry

Once it was determined that quaternary structure suggestive of a triple helix was present, each
collagen system was subjected to thermal denaturation experiments to determine the melting temperature
Tm, as well as the enthalpy of unfolding. These values were obtained from the two-state equation
described in chapter 3 section 2 of this thesis.*® From thermal denaturation studies, it was determined that
introduction of a pyrene fluorescent probe onto the N-termini of a collagen system increases the melting
point in all tested cases other than the Pyr(3)-EA system and the Pyr(3)-KSarK system. These two,
however, had other variables contributing to the low thermal stability, and most likely would be more
stable than hypothetical Ac-EA and Ac-KSarK systems. The addition of a pyrenebutyric acid “Pyr(3)”
moiety in the last coupling step in a peptide synthesis yielded an increase in melting point of
approximately 9 °C in a Pyr(3)-KK system compared to the Ac-KK control. This increase of melting
temperature was only 4 °C when pyreneacetic acid “Pyr(1)”was used as the N-terminal anchor (as in the
Pyr(1)-KK). This modest increase in Tr, value for the short-linker compound may reflect the energetic
cost that is associated with disrupting the folding of the triple helix in order to accommodate interactions
between pyrenes. By comparison, the Pyr(3)-KK system positions the pyrene anchor far enough away
from the triple helical core that flexing of the linker allows for the formation of stronger associations
between the pyrene anchors without strongly distorting the hydrogen bonding core of the triple helix.

To investigate the directionality of unfolding in a collagen model peptide system, systematic
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replacement of lysine was conducted in the formation of the two collagen model peptides: Pyr(3)-AK and
Pyr(3)-KA. Lysine was initially added to the peptide both to increase solubility of the collagen system in
aqueous buffer as well as to prevent aggregation of separate triple helical systems into some higher-order
structure. Lysine, however, can be seen to be destabilizing to the collagen system when comparing the
melting points of Ac-KK with melting points of shorter (POG)7 systems.! The destabilizing effects of
lysine at either the N- or C-terminal position can, however, provide some insight into directionality of
collagen unfolding. When observing the Pyr(3)-AK system, the melting temperature is approximately 26
°C higher than Pyr(3)-KK, and 34 °C higher than Ac-KK. Pyr(3)-KA, in contrast, is not significantly
different than Pyr(3)-KK with average melting points within 0.2 degrees of each other. These results
imply strongly that the Ala substitution at the N-terminus of the collagen core is much more stabilizing
than the Ala substitution at the C-terminus. This is consistent with helical unfolding starting from the N-
terminus. If unfolding began from the C-terminus, a difference in melting temperature would be expected
for Lys-to-Ala substitution. Additionally, the results indicate that the cationic N-terminal Lys residue may
be interacting in some way with the pyrene unit(s). Cation — x interactions are much stronger than & —n
interactions. For example, in the gas phase a cation — & interaction between methylammonium and
benzene is ~ -19 kcal/mol, while a gas phase stacking interaction between two benzenes is only roughly -
2 kcal/mol.*® As such, the electrostatic interactions between the 7 systems of the pyrene and the lysine

side chains may actually be destabilizing.
4.3 Discussion of concentration dependent pyrene fluorescence and Kinetics studies

Utilization of fluorophores as tools to determine the folding state of peptide systems at low
concentrations proved to be more difficult than planned. Thermal denaturation experiments performed at
low concentrations of <5 uM gave little to no evidence of triple helical formation according to the
excimer fluorescence (Figure 3.21). This necessitated study of concentration effects on the folding state
of collagen. These studies, while illuminating, failed to define an obvious “critical aggregation

concentration” for any of the studied systems. Instead, a linear relationship between integrated excimer
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intensity vs. integrated monomer intensity was discovered, showing that in the concentration range in
guestion, a greater percentage of the total make-up of the solution existed as a triple helical aggregate at
higher concentrations than at lower concentrations. This makes since in principle, as at higher
concentration, there is a higher likelihood for individual monomers of pyrene-containing peptides to be
near each other in solution. Additionally, as excimer emission requires only two pyrene moieties to be in
contact in solution, and not necessarily the three that would exist in a triple helical system, the increase in
excimer fluorescence should increase with concentration regardless of triple helical formation. The
Pyr(3)-KSarsK control, however, does not obey a well-defined linear relationship in excimer intensity
over this concentration range (Figure 3.19) and appears to reach a plateau in excimer intensity vs.
monomer intensity by roughly 30 uM. This could indicate that no significant additional excimer may be
formed, and that all increases in E/M ratios in other systems after this point in concentration are due to the

head-to-head aggregation of pre-formed triple helices.

Figure 4.1: Head-to-Head aggregation of triple helices. Stacking interactions between adjacent helices

may cause excimer not due to triple helical formation.
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Folding kinetics of Pyr(3)-KA were studied to understand the affect of time on the
folding/unfolding of collagen systems. Chenoweth et al. used CD to probe the reformation of helices over
time after denaturation in their initial paper on aza-Gly.% Here, fluorescence was instead used to measure
excimer intensity changes over time on a solution of ~ 30 uM. This solution was both pre-heated past a
point of denaturation or pre-cooled to favor aggregation before fluorescence measurements were taken at
room temperature over a time period of 180 minutes. These data allowed the determination of
approximate rates of folding/unfolding for the Pyr(3)-KA system, but also allowed for the determination
of the time at which half of the peptide population was folded for the systems, ti. As the ty2 was similar
to the results of Chenoweth et al.?® at 31.5 minutes compared to ~ 30 minutes, with a rate constant of 13.8
st M1®and 10.3 s M5 for folding and unfolding respectively. The order of the reaction was found to
be 1.5 according to fit given by equation (2). This may arise from using excimer intensity (which requires
association of two species) as an indicator of the folding state. The incorporation of pyrene to the system
does not appear to significantly alter the folding kinetics of the peptide when compared to literature,
though this is a preliminary result. This information, did, however confirm that the equilibration period is

slow for model systems.

4.4 Discussion of thermal denaturation analyzed by fluorescence spectroscopy

Each system was subjected to denaturation conditions using heat to determine the T, and AH of
unfolding. The integrated intensities in the monomer and excimer regions over a temperature range from
10 — 60 °C were recorded, and the normalized ratio of these values was calculated in order to determine
an E/M ratio as a measure of the fraction folded. By these calculations, the T and AH values for each

system were determined. Several trends emerged.
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First, the melting temperatures obtained by fluorescence spectroscopy appeared to follow a
similar trend to the values obtained by circular dichroism. The Pyr(3)-EA system by this method was
found to be comparable in melting temperature to the Pyr(1)-KK system. Akin to CD, the Pyr(3)-KK and
Pyr(3)-KA systems had melting temperatures that were within approximately one degree of each other,
further supporting the similarities between these collagenous systems. A stark difference, however, was
in the Pyr(3)-AK system, which while having a higher melting temperature than that of the other systems,

was much less stable than suggested by CD spectroscopy.

Second, there appears to be relatively little difference in the melting temperature values obtained
by CD and that of those obtained by fluorescence, with the omission of the Pyr(3)-AK system. For all
systems analyzed by fluorescence, the obtained melting temperatures were within approximately 1 °C
from the values obtained by the traditional CD methodology. The slight variance in melting temperatures
in the comparable systems is most likely due to the use of pyrene fluorescence as the factor being
observed. This method is highly dependent on the degree of local fraying of the pyrene moiety rather than
the bulk signal of the chiral (POG); core as would occur in the use of CD. As stacking interactions
necessitate the aromatic systems be within 3.4 — 3.8 angstroms, disruptions in the aromatic interactions do
not require the helix unwind.*® Due to this, it can be determined that the pyrene fluorescence gives insight
into the degree of local fraying at the termini of a collagen system and is not necessarily measuring
unfolding itself. The closeness of values between these fraying Trm values and the CD unfolding Tr,
values, however, does provide evidence that despite the specificity in what is being measured by
fluorescence, the change in monomer fluorescence intensity can be used to approximate melting
temperatures, even at concentrations that canonically would be out of the useful range of circular

dichroism, as evidenced by the closeness in Tr, values.
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System Tm by CD (°C) Tm by Fluorescence ATm (°C)
(°C)

Ac-KK 309+13 N.A. N.A.
Pyr(1)-KK 32.8+0.3 313 -2
Pyr(3)-KK 38.7+0.3 39.2 +1
Pyr(3)-KA 38.4+0.6 37.3 -1
Pyr(3)-AK 64.5+0.2 413 -23
Pyr(3)-EA 30.6+0.3 318 +1
Pyr(3)-KSarK 25.7+0.3 N.A. N.A.
Pyr(3)-KSar;K N.A. N.A. N.A.

Table 4.1: Difference between CD and Fluorescence Tm Values

The resulting enthalpy values obtained via fluorescence melting studies also illuminated an
interesting trend. While melting temperatures of each system by the two different methods were similar,
the enthalpy of unfolding values calculated from the fluorescence values ware drastically different than
those of CD. These data, found in Table 4.2, show that enthalpy values for each tagged system correlate

well with the identity of the bracketing amino acids.

System AH by CD (kcal/mol) | AH by Fluorescence AAH (kcal/mol)
(kcal/mol)

Ac-KK 32.4+0.9 N.A. N.A.

Pyr(1)-KK 324+05 376 +5

Pyr(3)-KK 307+15 48.6 +18

Pyr(3)-KA 25.8+13 42.0 +18
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Pyr(3)-AK 452 £2.6 28.8 - 16

Pyr(3)-EA 31.7+11 311 -1
Pyr(3)-KSarkK 41.6 £0.4 N.A. N.A.
Pyr(3)-KSarsK N.A. N.A. N.A.

Table 4.2: Difference between CD and Fluorescence AH values

These values can give insight into the dynamics of the collagen systems at the termini compared
to the system in bulk. For well-ordered helices, such as that of Pyr(3)-AK, the enthalpy of unfolding by
CD is high due to the strength in the interactions of the three peptide strands. However, when
fluorescence is used, the enthalpy of unfolding found is quite low. This difference can be thought of as a
balance between the strength of the helix and the strength of the interacting pyrene moieties. For strongly
interacting and well-ordered helices, there is less ability for the pyrene moieties to optimally approach in
solution, thus giving rise to less strength in those interactions. This additionally provides an explanation
for the difference in melting temperatures between the two methods for this system, as if the helix is
indeed very ordered, then the fraying of the pyrenes on the termini of each peptide strand may require
significantly less heat to disrupt than that of the underlying triple helix. For less-ordered helices, however,
such as the Pyr(3)-KK system, less heat is needed to denature the collagen core and thus more heat is
needed to cause separation between the optimally-interacting pyrenes. As lysine is destabilizing to
collagen formation while alanine is less so, the degree to which presence of these amino acids at different
positions impact the ability to form tight helices, and in turn stronger interacting pyrenes, can be

observed.

An additional trend that is evident upon observation of the fluorescence spectra of the Pyr(3)-EA

system in particular, is that the absolute intensity of excimer fluorescence remains high even in the
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absence of triple helices. At 60 °C, the Pyr(3)-EA system is unfolded according to melting temperatures
collected via both CD and fluorescence, yet even at this temperature, significant excimer remains.
Additionally, the fluorescence spectra of the Pyr(3)-KK system have an anomalous absence of excimer
even at low temperatures, even though its data can be fit to a sigmoidal melting curve. This may be a
result of the character of unwound collagen monomers remaining in solution at higher temperatures as
well as interactions between pyrene and charged systems in solution. Due to the one-residue stagger that
is present in triple helical collagen, there is reason to believe that any “stacking” interaction that occurs in
a pyrenated system is due to non-optimized interactions between pyrene groups. Pyrenes attached to
monomeric collagen in solution may allow highly optimal excimer formation compared to triple helical
collagen, as seen by the persistent excimer in systems such as Pyr(3)-EA. Additionally, this persistent
excimer may be more evident in the Pyr(3)-EA system due to the lack of positive charge. Cation — =«
interactions are strong and electrostatically favorable. These free monomers in solution are more likely to
associate via this electrostatic method in lysine containing systems, which may contribute to the odd lack
of excimer profile in the Pyr(3)-KK system as cation — & interactions are not conducive to excimer
formation, and the presence of free monomer, even at low temperatures, may distort results. In contrast,
the Pyr(3)-EA system is the only one studied that does not contain a cation. Unlike the cationic systems,
this persistent and ideal excimer should be able to aggregate in solution at high temperatures, thus

contributing to the high absolute intensity in the excimer region in this system.

4.5 Conclusions

Addition of a pyrene tag on the N-terminus of a collagen model peptides allows for the study of
local fraying at the site of the probe, at concentrations below those customarily used for CD spectroscopy.
This fluorescent tag additionally imparts an increase in thermal stability, dependent on the identity of the
adjacent amino acid, and the length of the linker between the pyrene and collagen core. Additionally, the
resulting Tm values obtained by both CD and fluorescence spectroscopy appear to demonstrate the

70



potential for fluorescence to be used as a tool for determination of melting temperatures at concentrations
inaccessible to CD. This tag thus allows for fundamental science research on the forces that act on
collagen helices, including the role of enthalpy and entropy and how they affect the behavior of the probe

itself.
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