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ABSTRACT 

UNDERSTANDING AND ENGINEERING THE COLLAGEN TRIPLE HELIX 

Matthew Donald Shoulders 

Under the supervision of Professor Ronald T. Raines 

At the University of Wisconsin-Madison 

This thesis presents a hypothesis-driven approach to collagen research that integrates the 

power of organic chemistry with the tools of biophysics to enhance our understanding of proline 

conformation and collagen structure and stability. Collagen is an important structural protein and 

the most abundant protein in animals. The amino acid proline contributes greatly to the structure 

and stability of this essential protein. My efforts toward designing new means to control proline 

conformation, in tandem with applying those studies for designing collagen mimics with unique 

properties and exploring the physicochemical basis of the structure and stability of collagen, are 

presented. The findings reported here have broad implications both for collagen and for protein 

engineering efforts focused on many other natural protein structures. 

Chapter 1 reviews recent findings in the collagen field and brings the reader up-to-date with a 

modem understanding of collagen triple-helix structure and stability. In Chapter 2, I recount the 

preparation of a new class of hyperstable collagen triple helices endowed with stability by steric 

effects rather than stereoelectronic effects. I explore the conformational preferences of 4-

methylprolines and incorporate them in collagen-related peptides to test the efficacy of steric 

effects for stabilizing the triple helix. Steric effects induced by proline 4-methylation reiterate 

previously discovered stereoelectronic effects on the collagen triple helix. Such fundamental 

interplay between steric and stereoelectronic effects was previously unknown in proteins and 
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provides a new means to modulate conformational stability. Notably, these steric effects on 

triple-helix stability are additive because the methyl groups protrude radially from the folded 

triple helix (stereoelectronic effects on the triple helix are not additive). This finding suggests the 

possibility of judicious integration of steric and stereoelectronic effects to generate 

extraordinarily hyperstable triple helices. 

Chapter 3 describes an experiment designed to understand the ongm of the stability 

conferred on the collagen triple helix by fluorination. The hyperstability of triple helices 

containing (2S,4R)-4-fluoroproline (Flp) has been attributed by some researchers to a 

hydrophobic effect rather than a stereoelectronic effect. I tested this hypothesis by replacing Hyp 

with (2S)-4,4-difluoroproline (Dfp) in collagen-related polypeptides. Dfp retains the 

hydrophobicity of Flp, but lacks the ability of Flp to define proline ring conformation. Unlike 

Flp, Dfp does not endow triple helices with elevated stability, indicating that the hyperstability 

conferred by Flp is not due to the hydrophobic effect. 

Since the hyperstability conferred on the collagen triple helix by fluorination is not due to the 

hydrophobic effect, in Chapter 4 I recount my efforts toward understanding the origin of that 

stabilization, which I ultimately demonstrate is attributable to preorganization. In the peptides 

reported in Chapter 4, pre organization is potentially achieved by installing proline side-chain 

substituents that impose stereoelectronic and steric effects, which restrict peptide main-chain 

torsion angles. Specifically, replacing proline residues in (ProProGlY)7 collagen strands with 

4-fluoroproline and 4-methylproline diastereomers leads to the most stable known triple helices, 

having Tm values that are increased by >50 °C relative to (ProProGlY)7 triple helices. Differential 

scanning calorimetry data dictate an entropic basis to the hyperstability. X-Ray structural data at 

a resolution of 1.21 A reveal a prototypical triple helix with imperceptible deviations to its main 
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chain. These results show, for the first time, that conformationally constrained proline 

derivatives stabilize the triple helix via preorganization. The results presented in Chapter 4 will 

guide the application of 4-substituted proline derivatives to problems in protein engineering. 

Numerous researchers have explored the effects of the incorporation of 4-fluoroproline 

residues in the collagen triple helix. Unambiguous analyses of electron-withdrawing groups 

larger than fluorine on triple-helix structure and stability are less accessible. Chapter 5 reports 

the synthesis of 4-chloroproline diastereomers, explores their conformational properties, and 

reexamines all the results for 4-fluoroproline residues in collagen using the 4-chloroprolines in 

analogous experiments. Importantly, I demonstrate that a deleterious steric effect is responsible 

for the observation that stereoelectronic effects on triple-helix stability are not additive. These 

results are guiding continued efforts toward self-assembled collagen materials, which I report in 

Appendix B. 

Researchers have long been puzzled by the observation that, unlike other proline derivatives 

with apparently similar conformational preferences, (2S,4S)-4-hydroxyproline (hyp) strongly 

destabilizes the collagen triple helix. In Chapter 6, I show that hyp destabilizes the collagen triple 

helix by forming a transannular hydrogen bond that wrongly pre organizes hyp residues for triple-

helix formation and disrupts the essential interstrand hydrogen bond in the triple helix. 

Eliminating the hydrogen bond by the O-methylation ofhyp residues significantly rescues triple-

helix stability. 

Surprisingly, recent research has shown that CY-exo puckered proline derivatives can stabilize 

the collagen triple helix when placed in the Xaa and Yaa position of collagen-related peptides. 

These findings are in stark contrast to much existing data, which shows that CY -exo puckered 

proline derivatives usually destabilize the triple helix in the Xaa position. Chapter 7 reports my 
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discovery that this anomalous stability is due to stabilizing interstrand dipole--dipole interactions 

that pay the energetic penalty for incorporation of an incorrectly puckered proline derivative in 

the Xaa position of the collagen triple helix. 

Chapter 8 recounts the incorporation of a reactive functional group in collagen triple helices. 

(2S)-4-Ketoproline (Kep) has unique conformational preferences among 4-substituted proline 

derivatives. I show that Kep slightly destabilizes the triple helix when substituted for proline in 

the Xaa position. I describe our efforts toward generating covalently linked triple helices by 

introducing nucleophilic amino acid residues near Kep residues in collagen-related peptides. 

In Chapter 9, I summarize my research and briefly discuss future directions for the collagen 

field. Two appendices recount my efforts toward understanding the impact of CY-substituents on 

the prolyl peptide bond isomerization equilibrium constant and progress toward self-assembled 

collagen biomaterials. 
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