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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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1 
CHAPTER 1* 

COLLAGEN STRUCTURE AND STABILITY 

Abstract: Collagen is the most abundant protein in animals. This fibrous, structural protein 

comprises a right-handed bundle of three parallel, left-handed polyproline II-type helices. Much 

progress has been made in elucidating the structure of collagen triple helices and the 

physicochemical basis for their stability. New evidence demonstrates that stereoelectronic effects 

and preorganization playa key role in that stability. The fibrillar structure of type I collagen-the 

prototypical collagen fibril-has been revealed in detail. Artificial collagen fibrils that display 

some properties of natural collagen fibrils are now accessible using chemical synthesis and self

assembly. A rapidly emerging understanding of the mechanical and structural properties of 

native collagen fibrils will guide further development of artificial collagenous materials for 

biomedicine and nanotechnology. 

Author contributions: M. D. S drafted the manuscript and figures. R. T. R. edited the manuscript 

and figures. 

*This chapter has been published, in part, under the same title. Reference: Shoulders, M. D.; 

Raines, R. T. Annual Review a/Biochemistry 2009, 78,929-958. 
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1.1 Introduction 

Collagen is an abundant structural protein in all animals. In humans, collagen comprises one

third of the total protein, accounts for three-quarters of the dry weight of skin, and is the most 

prevalent component of the extracellular matrix (ECM). Twenty-nine different types of collagen 

composed of at least forty-seven distinct polypeptide chains have been identified in vertebrates, 

and many other proteins contain collagenous domains.26
.
29 Remarkably, intact collagen has been 

discovered in soft tissue of the fossilized bones of a 68 million-year-old Tyrannosaurus rex 

fossil3
0,31 and an 80 million-year-old Brachylophosaurus canadensis/2 by far the oldest protein 

detected to date. 

The defining feature of collagen is an elegant structural motif in which three parallel 

polypeptide strands in a left-handed, polyproline Il:·type (PPII) helical conformation coil about 

each other with a one-residue stagger to form a right-handed collagen triple helix (CTH) (Figure 

l.1). The tight packing of PPII helices within the CTH mandates that every third residue be 

glycine (Gly), resulting in a repeating XaaYaaGly sequence, where Xaa and Yaa can be any 

amino acid. This repeat occurs in all types of collagen, though it is disrupted at certain locations 

within the triple-helical domain of non-fibrillar collagens.33 The amino acids in the Xaa and Yaa 

positions of collagen are often (2S)-proline (Pro; 28%) and (2S,4R)-4-hydroxyproline (Hyp; 

38%), respectively. ProHypGly is the most common triplet (10.5%) in collagen.34 In animals, 

individual CTHs, known as tropocollagen (TC), assemble in a complex, hierarchical manner that 

ultimately leads to the macroscopic fibers and networks observed in tissue, bone, and basement 

membranes (Figure 1.2). 

The categories of collagen include the classical fibrillar and network-forming collagens, the 

F ACITs (fibril-associated collagens with interrupted triple helices), MACITs (membrane-
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Figure 1.1 Overview of the collagen triple helix. (a) First high-resolution crystal structure of 
a collagen triple helix, formed from (ProHypGlY)4-(ProHypAla}-(ProHypGlY)5 (PDB entry 
lcag\ (b) View down the axis of a (ProProGly)1O triple helix (PDB entry lk6e) with the 
three strands depicted in space-filling, ball-and-stick, and ribbon representation. (c) Ball-and
stick image of a segment of a collagen triple helix (PDB entry lcag\ highlighting the ladder 
of interstrand hydrogen bonds. (d) Stagger of the three strands in the segment in panel c. 
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associated collagens with interrupted triple helices), and MUL TIPLEXINs (multiple triple-helix 

domains and interruptions). Collagen types, their distribution, composition, and pathology are 

listed in Table 1.1. It is noteworthy that, although the three polypeptide chains in the triple helix 

of each collagen type can be identical, heterotrimeric CTHs are more prevalent than are 

homotrimeric CTHs. 

1.2 Stucture of the Collagen Triple Helix 

In 1940, Astbury and Bell proposed that the collagen molecule consists of a single extended 

polypeptide chain with all amide bonds in the cis conformation.35 A significant advance was 
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achieved when, in the same 1951 issue of the Proceedings of the National Academy of Sciences 

in which he and coworkers put forth the correct structures for the a-helix and l3-sheet, Pauling 

and Corey proposed a structure for collagen.36 In that structure, three polypeptide strands were 

held together in a helical confonnation by hydrogen bonds. Within each amino-acid triplet, those 

hydrogen bonds engaged four of the six main-chain heteroatoms, and their fonnation required 
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Table 1.1 Vertebrate Collagensa 

T~12e Class Com12osition Distribution 5 Pathologl 
I fibrillar al [Iha2[I] abundant and widespread: 01, Ehlers-Danlos 

dermis, bone, tendon, syndrome, osteoporosis 
ligament 

II fibrillar al[IIh cartilage, vitreous osteoarthrosis, 
chondrodysplasias 

III fibrillar al[IIIh skin, blood vessels, Ehlers-Danlos 
intestine syndrome, arterial 

aneurysms 
IV network a 1 [IVha2[IV] basement membranes Alport syndrome 

a3 [IV]a4[IV]a5 [IV] 
a5[IVha6[IV] 

V fibrillar al[Vh widespread: bone dermis, Ehlers-Danlos 
al[Vha2[V] cornea, placenta syndrome 

al [V]a2[V]a3[V] 
VI network al[VI]a2[VI] a3[VI]d widespread: bone, Bethlem myopathy 

a I [VI]a2[VI] a4[VI] cartilage, cornea, dermis 
VII anchoring fibrils al [VIIha2[VII] dermis, bladder epidermolysis bullosa 

acquisita 
VIII network al[VIIIh widespread: dermis, brain, Fuchs endothelia 

a2[VIIIh heart, kidney corneal dystrophy 

a I [VIIIha2 [VIII] 
IX FACIT a I [IX]a2[IX]a3 [IX] cartilage, cornea, vitreous osteoarthrosis, multiple 

epiphyseal dysplasia 
X network aI[Xh cartilage chondrodysplasia 
XI fibrillar al [XI]a2[XI]a3[XI] cartilage, intervertebral chondrodysplasia, 

disc osteoarthrosis 
XII FACIT al[XIIh dermis, tendon 
XIII MAC IT endothelial cells, dermis, 

eye, heart 
XIV FACIT al [XIVh widespread: bone dermis, 

cartilage 
XV MUL TIPLEXIN capillaries, testis kidney, 

heart, 
XVI FACIT dermis, kidney 
XVII MACIT al[XVIIh hemidesmosomes in generalized atrophic 

epithelia epidermolysis bullosa 
XVIII MUL TIPLEXIN basement membrane Knobloch syndrome 
XIX FACIT basement membrane 
XX FACIT cornea (chick) 
XXI FACIT stomach, kidney 
XXII FACIT tissue junctions 
XXIII MAC IT heart, retina 
XXIV fibrillar bone, cornea 
XXV MACIT brain, heart, testis amyloid formation? 
XXVI FACIT testis, ovary 
XXVII fibrillar cartilage 

XXVIIIe dermis, sciatic nerve neurodegenerative 
disease? 

XXIXf skin, lung, intestine ato12ic dermatitis 
aInfonnation is updated from earlier reviews. '6,37 bpartial listing oftissues in which the relevant collagen type occurs. 'For a discussion of the role 
of specific collagen types in human disease, see ref37. du4[VI], u5[VI], and u6[VI] chains were reported in 2008,'8 but the composition of triple 
helices containing these chains is unknown. 'Collagen XXVIII was reported in 200627 fCollagen XXIX was reported in 2007.'9 
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two of the three peptide bonds to be in the cis conformation. In 1954, Ramachandran and Kartha 

advanced a structure for collagen on the basis of fiber diffraction data.38,39 Their structure was a 

right-handed triple helix of three staggered, left-handed PPII helices with all peptide bonds in the 

trans conformation and two hydrogen bonds within each triplet. In 1955, this structure was 

refined by Rich and Crick and by North and co-workers to the triple-helical structure accepted 

today,40-42 which has a single interstrand N-H(G\y)' .. O=C(Xaa) hydrogen bond per triplet and a 10-

fold helical symmetry with a 28.6-A axial repeat (10/3 helical pitch; Figure 1.1). 

Fiber diffraction studies cannot reveal the structure of collagen at atomic resolution. 

Exacerbating this difficulty, the large size, insolubility, repetitive sequence, and complex 

hierarchical structure of native collagen thwart most biochemical and biophysical analyses. 

Hence, a reductionist approach using triple-helical, collagen-related peptides (CRPs) has been 

employed extensively since the late 1960s.43 

In 1994, Berman, Brodsky, and co-workers reported the first high-resolution crystal structure 

of a triple-helical CRP (Figures 1.1a).3 This structure confirmed the existence of interstrand N-

H(Gly),"O=C(Xaa) hydrogen bonds (Figures LIe and LId) and provided additional insights, 

including that CU-H(GlylYaa)'''O=C(Xaa/Gly) hydrogen bonds could likewise stabilize the CTH.44 

Using CRPs and X-ray crystallography, the structural impact of a single Gly---+Ala substitution 

was observed,3 the effects of neighboring charged residues in a CTH were analyzed,'6 and a 

snapshot of the interaction of a triple-helical CRP with the I-domain of integrin U2f31 was 

obtained (Figure 1.3).21 

Most X-ray crystallographic studies on CRPs have been performed on proline-rich 

collagenous sequences. All of the resulting structures have a 7/2 helical pitch (20.0-A axial 

repeat), in contrast to the 10/3 helical pitch (28.6-A axial repeat) predicted for natural collagen 
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Figure 1.3 Snapshots of interesting crystal stnictures of collagen triple helices. (a) Impact of 
a Gly---+Ala substitution on the structure of a collagen triple helix formed from the collagen
related peptide (CRP) (ProHypGlY)4-(ProHypAla)-(ProHypGlY)5 (PDB entry lcag3

). The Ala 
residues (sidechains shown) disturb the structure. Mutations leading to such structural 
irregularities are common in osteogenesis imperfecta and can be lethal. (b) Depiction of the 
effect of a single GluLysGly triplet on the packing of neighboring triple-helical CRPs in 
crystalline (ProHypGlY)4-{GluLysGly)-(ProHypGlY)5 (PDB entry lqsuI6

). The axial stagger 
of the individual triple helices, which is presumably compelled by deleterious Coulombic 
interactions between charged residues, is reminiscent of the D-periodic structure in collagen 
fibrils. Similar interactions could contribute to the morphology of collagen fibrils. (c) Triple
helical CRP containing the integrin-binding domain GFOGER in complex with the I-domain 
of integrin a2~1 (PDB entry Idzi21 ). The bend in the triple helix is thought to arise from the 
protein-protein interaction. A Glu residue in the middle strand of the triple helix coordinates 
to coba1t(II) bound in the I -domain of integrin a2~ I. 
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by fiber diffraction.41 On the basis of X-ray crystal structures of proline-rich CRPs, and in 

accordance with an early proposal regarding the helical pitch of natural CTHs,45 Okuyama and 

coworkers postulated that the correct average helical pitch for natural collagen is 7/2.46 The 

generality of this hypothesis is unclear, as few regions of natural collagen are as proline-rich as 
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the CRPs analyzed by X-ray crystallography. The actual helical pitch of collagen likely varies 

across the domains and types of natural collagen. Specifically, the helical pitch could be 10/3 in 

proline-poor regions and 7/2 in proline-rich regions. This proposal is supported by the 

observation that proline-poor regions within crystalline CRPs occasionally display a 10/3 helical 

pitch.47,48 Variability in the triple-helical pitch of native collagen could play a role in the 

interaction of collagenous domains with other biomolecules.21 ,49-s1 
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Figure 1.4 Importance of interstrand hydrogen bonds for collagen triple-helix stability. (a) A 
segment of a (ProProGly)1O triple helix. (b) Comparison of the stability of a triple helix 
formed from (ProProGlY)cProProOGly-(ProProGly)s, wherein one Pro-Gly amide bond is 
replaced with an ester, with that in panel a revealed that each interstrand hydrogen bond 
contributes I1G = -2.0 kcal/mol to triple-helix stability.lo,ls (c) Crystal structure of a triple 
helix formed from a collagen-related peptide that mimics a common sequence in type IV 
collagen, (GlyProHYP)3-(3S-HypHypGlY)z-(GlyProHYP)4, showing that 3S-Hyp in the Xaa 
position yields a prototypical collagen triple helix (PDB entry 2g6619). (d) (2S,3S)-3-
Fluoroproline in the Xaa position destabilizes a collagen triple helix, perhaps by withdrawing 
electron density from the proximal Xaa carbonyl and thereby reducing the strength of the 
interstrand hydrogen bond. I I 
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1.3 Understanding Triple-Helix Structure and Stability 

The vital importance of collagen as a scaffold for animals demands a manifold of essential 

characteristics. These characteristics include thermal stability, mechanical strength, and the 

ability to engage in specific interactions with other biomolecules. Understanding how such 

properties are derived from the fundamental structural unit of collagen-the triple helix

necessitates a comprehensive knowledge of the mechanisms underlying CTH structure and 

stability. 

1.3.1 Interstrand Hydrogen Bonds 

The ubiquity of collagen makes the ladder of recurrent N-H(Gly)"··O=C(Xaa) hydrogen bonds 

that form within the CTH (Figures lAc and lAd) the most abundant amide-amide hydrogen 

bond in kingdom Animalia. Replacing the Yaa-Gly amide bond with an ester in a host-guest 

CRP (Figures lAa and lAb) enabled estimation of the strength of each amide-amide hydrogen 

bond as !1Go = -2.0 kcallmo1. 15 Boryskina and coworkers used a variety of other experimental 

techniques to assess this same parameter, estimating the strength of each amide-amide hydrogen 

bond within a poly(GlyProPro) CRP as !1GO = -l.8 kcallmol and within native collagen as !1GO = 

-104 kcallmo1.52 

1.3.2 Glycine Substitutions 

Numerous collagen-related diseases are associated with mutations in both triple-helical and 

non-triple-helical domains of various collagens (Table 1.1). These diseases have been reviewed 

in detail elsewhere/7 and are not discussed extensively herein. 
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The Gly residue in the Xaa YaaGly repeat is invariant in natural collagen, and favorable 

substitutions are unknown in CRPS.53 A computational study suggested that replacing the 

obligate Gly residues of collagen with D-alanine or D-serine would stabilize the CTH,54 and thus 

that the Gly residues in collagen are surrogates for non-natural D-amino acids. Subsequent 

experimental data demonstrated, however, that this notion was erroneous.55 

Many of the most damaging mutations to collagen genes result in the replacement of a Gly 

residue involved in the ladder of interstrand hydrogen bonds within the CTH (Figures 1.1 c and 

LId). Both the identity of the amino acid replacing Gly and the location of that substitution can 

impact the pathology of, for example, osteogenesis imperfecta (01).53,56 Substitutions for Gly in 

proline-rich portions of the collagen sequence (Figure 1.3a) are far less disruptive than those in 

proline-poor regions, a testament to the importance of Pro derivatives for CTH nucleation.57 In 

vivo, CTHs fold in a C-terminal-+N-terminal manner.58 The time delay between disruption of 

CTH folding by a Gly substitution and renucleation of the folding process N-terminal to the 

substitution site is much shorter when CTH nucleating, proline-rich sequences are immediately 

N-terminal to the substitution site.56 Any delay in CTH folding results in over-modification of 

the protocollagen chains (in particular, inordinate hydroxylation of Lys residues N-terminal to 

the Gly substitution and excessive glycosylation of the resultant hydroxy lysine residues (Figure 

1.2)), thereby perturbing triple-helical structure and contributing to the severity of 01.59 Thus, the 

severity of 01 correlates with the abundance of CTH nucleating, proline-rich sequences 

immediately N-terminal to the substitution site.56 
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1.3.3 Pralines in the Xaa and Yaa Positions 

In the strands of human collagen, ~22% of all amino acids are either Pro or Hyp?4 The 

abundance of these residues pre organizes the individual strands in a PPII conformation, thereby 

decreasing the entropic cost for collagen folding (pre organization is a measure of the extent to 

which hosts and guests are organized for binding prior to their complexation, thereby increasing 

complex stabilitlo). Despite their stabilizing properties, Pro derivatives also have certain 

deleterious consequences for CTH folding and stability that partially offset their favorable 

effects. For example, Pro has a secondary amino group and forms tertiary amides within a 

peptide or protein. Tertiary amides have a significant population of both the trans and the cis 

isomers (Figure 1.5), whereas all peptide bonds in folded CTHs are trans. Thus, before a 

(ProHypGlY)n strand can complete the process of folding into a CTH, all the cis peptide bonds 

must isomerize to trans. N-Methylalanine (an acyclic tertiary amide missing only CY of Pro) 

decreases CTH stability when used to replace Pro or Hyp in CRPs, presumably because it lacks 

the preorganization imposed by the pyrrolidine ring of Pro derivatives but still retains a high 

population of the cis peptide bond. 61 In contrast, avoiding the issue of cis-trans isomerization 

altogether by replacing a Gly-Pro amide bond with a trans-locked alkene isostere also results in 

a destabilized CTH, despite leaving all interchain hydrogen bonds intact.62 Clearly, the factors 

dictating CTH structure and stability are intertwined in a complex manner (vide infra). 

Pro residues in the Yaa position of protocollagen triplets are modified by prolyl 4-

hydroxylase (P4H), a non-heme iron enzyme that catalyzes the posttranslational and 

~o~~o 
o~ \~O 

cis trans 

Figure 1.5 Proline cis-trans isomerization. Unlike other proteinogenic amino acids, proline 
forms tertiary amide bonds, resulting in a significant population of the cis conformation. 
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stereos elective hydroxylation of the unactivated y-carbon of Pro residues in the Yaa position of 

collagen sequences to fonn Hyp (Figure 1.6). P4H activity is required for the viability of both the 

nematode Caenorhabditis elegans and the mouse Mus musculus.63
-
65 Thus, Hyp is essential for 

the fonnation of sound collagen in vivo. 

Table 1.2 Values of Tm for Triple-Helical CRPs 
(XaaYaaGlY)n Tm (Qqa Ref. 

(ProFlpGlyh 45 66 

(ProHypGlyh 36 66 

(mepMepGlYh 36 20 

(flpProG1Y)7 33 67 

(ProMepGlyh 29 20 

(ProClpGlyh 23 12 

(mepProGlY)7 13 20 

(clpProG1Y)7 no helix 12 

(ProProGlY)7 no helix 11 

(flpFlpG1Y)7 no helix 11 

(ProflpGlY)7 no helix 66 

(FlpProGlY)7 no helix 67 

(ProFlpGly)10 91 68 

(ProMopGly)]O 70 69 

(HypHypGly)]O 65 70 

(ProHypGly)]O 61-69 68,70 

(flpProGly)]O 58 71 

(ProClpGly) ]0 52 12 

(clpProGly)]O 33 12 

(ProProGly)]O 31-41 68,72 

(flpFlpGly)lO 30 73 

(clpClpGly)]O no helix 12 

(HypProGly)10 no helix 74 

(ProhypGly)10 no helix 75 

(FlpProGly)10 no helix 71 

(ClpProGly)10 no helix 12 

(hypProGly)10 no helix 75 

aValues of Tm depend on both CRP concentration and heating rate. Hence, detailed comparisons require knowledge 
of experimental procedures. 
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Figure 1.6 Reaction catalyzed by prolyl 4-hydroxylase. Proline residues in the Yaa position 
of proto collagen strands are converted into Hyp prior to triple-helix fonnation. 

1.3.4 Role of(2S,4RJ-4-Hydroxyproline 

The hydroxylation of Pro residues in the Yaa position of collagen increases dramatically the 

thennal stability of CTHs (Table 1.2). This stabilization occurs when the resultant Hyp is in the 

Yaa position76
,77 but not in the Xaa position, nor when the hydroxyl group is installed in the 4S 

configuration as in (2S,4S)-4-hydroxyproline (hyp; Table 1.2).75,78 These findings led to the 

proposal that the 4R configuration of a prolyl hydroxyl group is privileged in alone enabling the 

fonnation of water-mediated hydrogen bonds that stitch together the folded CTH.79 Indeed, such 

water bridges between Hyp and main-chain heteroatoms were observed by Bennan, Brodsky, 

and coworkers in their seminal X-ray crystallographic studies of CRPS.3
,80 The frequency of Hyp 

in most natural collagen is, however, too low to support an extensive network of water bridges. 

For example, four or more repeating triads of XaaHypGly occur only twice in the amino-acid 

sequence of human type I collagen. Furthennore, some biophysical evidence questions the 

assumption that water bridges make a meaningful contribution to collagen stability. 

(ProHypGly)1O fonns hyperstable CTHs even in non-aqueous solutions, a finding that is 

inconsistent with important contributions to CTH stability from water bridges.8
) 
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CLendo pucker C·(·exo pucker 

Figure 1.7 Ring conformations of Pro and Pro derivatives. The CY -endo conformation is 
favored strongly by stereoelectronic effects when RI = H, R2 = F (flp) or CI (clpY, and by 
steric effects when RI = Me (mep) or SH (mcp), R2 = H. The CY-exo conformation is favored 
strongly by stereoelectronic effects when RI = OH (Hyp), F (Flp), OMe (Mop), or CI (Clp), 
R2 = H, and by steric effects when RI = H, R2 = Me (Mep) or SH (Mcp). The CY-endo:CY-exo 
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The hypothesis that the water bridges observed in crystalline (ProHypGlY)n CTHs are 

meaningful was tested by replacing Hyp residues in CRPs with (2S,4R)-4-fluoroproline (Flp). As 

organic fluoro groups do not form strong hydrogen bonds,82.87 water bridges cannot playa major 

role in stabilizing a (ProFlpGly)1O CTH. Nonetheless, (ProFlpGly)1O CTHs are hyperstable 

(Table 1.2).68,88 Accordingly, water bridges cannot be of fundamental importance for CTH 

stability. How, then, does 4R-hydroxylation ofYaa-position Pro residues stabilize the CTH? 

1.3.4.1 A Gauche Effect 

Replacing Hyp in the Yaa position with (2S,45)-4- fluoroproline (flp), a diastereomer of Flp, 

prevents CTH formation (Table 1.2).66 This discovery that the stereochemistry of electronegative 

substituents at the 4-position of the Pro ring is important for the formation of stable CTHs 

suggests that Flp and Hyp in the Yaa position stabilize collagen via a stereoelectronic effect, 

rather than a simple inductive effect.66 Pro and its derivatives prefer one of two major pyrrolidine 

ring puckers, which are termed CY-exo and CY-endo (Figure 1.7). (The pyrrolidine ring actually 

prefers two distinct twist, rather than envelope, conformations. 14 As CY experiences a large out-

of-plane displacement in the twisted rings, we refer to pyrrolidine ring pucker simply as "CY-

exo" and "CY-endo".) Pro itself has a slight preference for the CY-endo ring pucker (Table 1.3).8 
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A key attribute of a 4R-fluoro group on Pro (as well as the natural 4R-hydroxyl group) is its 

imposition of a CY-exo pucker on the pyrrolidine ring via the gauche effect (Figures 1.8a and 

1.8b).5,8,89 The CY-exo ring pucker preorganizes the main-chain torsion angles (t/J, C'i_I-N/-Cu
/-

1.4). Thus, 4R-hydroxylation of Pro residues in the Yaa position of collagen could stabilize the 

CTH via a stereoelectronic effect. Flp is more stabilizing than Hyp because fluorine (XI< = 4.0) is 

more electronegative than oxygen (xo = 3.5),90 and a flu oro group (FF = 0.45) manifests a greater 

inductive effect than does a hydroxyl group (FOH = 0.33).91 Thus, a 4R-fluoro group enforces the 

CY-exo ring pucker of a Pro derivative more strongly than does a 4R-hydroxyl group. 

To probe further the role of Hyp in collagen stability, a (2S,4R)-4-methoxyproline residue 

(Mop) was incorporated into the Yaa position of a (ProYaaGly)1O CRP.69 O-Methylation is 

perhaps the simplest possible covalent modification of a Hyp residue and reduces the extent of 

hydration without altering significantly the electron-withdrawing ability of the 4R-substituent. 

Accordingly, Mop and Hyp residues have similar conformations (Table 1.4). Interestingly, 

reducing the hydration of (ProHypGly)10 by methylation of Hyp residues enhances CTH stability 

significantly (Table 1.2). Moreover, alkylation with functional groups larger than a methyl group 

does not necessarily perturb CTH stability.92 Notably, (2S,4R)-4-chloroproline (Clp) residues 

also stabilize CTHs in the Yaa position (Table 1.2).12 Like Flp, Clp has a strong preference for 

the CY-exo ring pucker, and a (ProClpGly)JO CTH is therefore more stable than a (ProProGly)JO 

CTH. Thus, a plethora of data indicate that the hydroxyl group of Hyp stabilizes collagen 

through a stereoelectronic effect. Water bridges provide little (if any) net thermodynamic 

advantage to natural collagen.69 
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Surprisingly, a host-guest CRP of the fonn Ac-Gly-(ProHypGlY)3-ProFlpGly-

(ProHypGlY)4-Gly-NH2 actually fonns a less stable CTH than does Ac-Gly-(ProHypGlY)8-Gly-

NH2.93 In contrast, a host-guest CRP of the fonn (GlyProHYP)3-GlyProFlp--GlyVaICys-

Table 1.3 Confonnation of Proline and its 4-Substituted Derivatives That Stabilize the Collagen 
Tri12le Helix in the Xaa 12osition {~= -75°, 'I!..= 164°f 

Residue 
Crystal Ring (Eendo - Eexo>" rp Iff Ktrans/cis 

c 
structure pucker (kcaUmol) (deg} (deg} 

proS,8,66 ifY' ~ 
CY-endo -79b 177b ~.c_,. -0.41 4.6 

/ 0 -" ... • HS 

mcp94 ~ CY- endo 4.7 

.,f 0 
Me 

mep20 ~ CY- endo -1.4 _71" 152a 3.7 

.,f 0 

flp8,66,67 R CY- endo -0,61 -76" 172a 2.5 
/ 0 ... 

ri::C1 

clpl2 NJ-y~ CY- endo 2.2 

.,f 0 

aFrom DFT calculations, bValues of rjJ all(~ Iff (here, N,-Cu,-C',-Oi+l) are from the crystal structure of Ac-Pro-OMe, 
which has a cis peptide bond. cValues of Ktrans/cis (Figure 1.5) were determined in solution by NMR spectroscopy. 

GlyAspLys-GlyAsnPro--GlyTrpPro--GlyAlaPro--(GlyProHYP)4-NH2 fonns a more stable CTH 

than one containing Hyp rather than Flp.95 These results suggest that a fluoro group might disrupt 

the hydration induced by a long string of Hyp residues. Kobayashi and coworkers used 

differential scanning calorimetry to demonstrate that (ProHypGly)1O CTHs are stabilized by 

enthalpy, whereas (ProFlpGly)1O CTHs are stabilized by entropy.72,96 These findings were 

interpreted as proof that the stability of (ProFlpGly)10 CTHs is due to the hydrophobic effect, but 

are also consistent with Hyp decreasing the entropic cost for folding via main-chain 

pre organization but increasing that cost by specific hydration. This interpretation is in accord 
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with the stability of (ProMopGly)IO CTHs arising from a nearly equal contribution of enthalpy 

and entropy.69 

1.3.4.2 A Steric Effect 

Electronegative substituents on Pro rIngs are not the only means of enforcing an 

advantageous ring pucker. Pro ring pucker can also be dictated by steric effects, as in (2S,4S)-4-

methylproline (Mep)20,97 and (2S,4R)-4-mercaptoproline (Mcp) (Figure 1.7).94 The 4-methyl 

substituent of Mep prefers the pseudoequatorial orientation, and thus enforces the CY-exo ring 

pucker of Pro (analogous results are observed for Mcp; Table 1.4). Indeed, CTHs formed from 

(ProMepGlyh have similar stability to those formed from (ProHypGlyh (Table 1.2).20 

a 

b 

c 

Cun9:<Fld}: 
preorD3.nlJ (:·!1:liJn 

Stable 
triple 
helix 

o T H 

~~"LWC --:;::=+ 
H 

Anti conformation 
C°t-endo pucker 

Gauche conformation 
:O!wh::,! 

Figure 1.8 Stereoelectronic effects that stabilize the collagen triple helix (a) A gauche effect 
and an n---+ n:* interaction preorganize main chain torsion angles and enhance triple-helix 
stability. (b) A gauche effect, elicited by an electron-withdrawing group (EWG) in the 4R
position, stabilizes the CY-exo ring pucker. (c) An n---+n:* interaction stabilizes the trans isomer 
of the peptide bond, but is substantial only when Pro derivatives are in the CY-exo ring pucker 
(e.g., Rl = OH or F, R2 = H). (d) Depiction of overlap between nand n:* natural bond orbitals 
(NBOView©) in a Pro residue with a CY-exo ring pucker. 
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Table 1.4 Confonnation of 4-Substituted Derivatives of Proline That Stabilize the Collagen 
Triple Helix in the Yaa position (¢= -60°, If/= 152% 

Crystal Ring 
structure pucker 

Residue 

Me • 
Mep20 ~ ~~ CY-exo 

j, 0 ~ 
MealY ~ MOp69 % 

CY-exo 
N 

,f a 4 
Flp5.8,66.88 Fl-y ~ CY-exo 

,f a 11& • 
Hyp5,66,77,89 H01Jy~ ~ CY-exo 

j, 0 , 
CI1Jy~ 1 

" 

Clpl2 

~ CY-exo 

,f a 
SH 

MCp94 ~ CY-exo 

/, a 

(Eendo - Eexo>" 
(kcallmol) 

1.7 

0.85 

rl 
(deg) 

-62d 

-58 

-55 

-57 

-56 

vi 
(deg) Ktrans/cis C 

153d 7.4 

148 6.7 

141 6.7 

151 6.l 

148 5.4 

5.4 

aFrom DFT calculations. bValues of ¢ and. If! (here, N,-Cu,C',O;+I) are from crystal structures of Ac-Yaa-OMe. 
cVa1ues of Klrons/c;s (Figure 1.5) were determined in solution by NMR spectroscopy. dShoulders, M. D.; Guzei, 1. A., 
Raines, R. T. Unpublished data. 

1.3.5 Proline Derivatives in the Xaa Position 

The CY-exo ring pucker of Pro residues in the Yaa position enhances CTH stability. Likewise, 

the ring pucker of Pro in the Xaa position is important for CTH stability. Typically, Pro residues 

in the Xaa position of biological collagen are not hydroxylated and usually display the CY-endo 

ring pucker.98 By employing CY-substituents, both the gauche effect and steric effects can be 

availed to pre organize the CY-endo ring pucker (Figures 1.7 and 1.8). Installation of flp, (2S,4S)-
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4-chloroproline (clp), or (2S,4R)-4-methylproline (mep) residues (all of which prefer the CY-endo 

ring pucker; Table 1.3) in the Xaa position of collagen is stabilizing relative to Pro, but 

installation of Flp, Clp, or Hyp (which prefer the CY-exo ring pucker; Table 1.4) is destabilizing 

(Table 1.2).12,20,67,71,99 These results suggest that pre organizing the CY-endo ring pucker in the 

Xaa position of CRPs stabilizes CTHs. This conclusion is reasonable because Pro derivatives 

with a CY-endo ring-pucker have ¢ and ~main-chain torsion angles similar to those observed in 

the Xaa position of the CTH (Table 1.3). 

Notably, replacing Pro in the Xaa position of (ProProGly)\O with (2S,4S)-4-hydroxyproline 

(hyp), a Pro derivative that, like flp and clp, should prefer the CY-endo ring pucker due to the 

gauche effect, yields CRPs that do not form stable CTHs (Table 1.2).75 This anomalous result for 

hyp in the Xaa position could be attributable to deleterious hydration, idiosyncratic 

conformational preferences of hyp residues, or both. I 00, I 01 

Type IV collagen, which is the primary component of basement membranes, has a high 

incidence of (2S,3S)-3-hydroxyproline (3S-Hyp) in the Xaa position. \02 This modification is also 

present in some other collagen types and in invertebrate collagens. 3S-Hyp, which prefers a CY-

en do ring pucker,13 is introduced almost exclusively within ProHypGly triplets via post-

translational modification of individual collagen strands by prolyl 3-hydroxylase (P3H), which is 

distinct from P4H. \03 A recessive form of 01 is associated with a P3H deficiency. \04,105 Certain 

mutations to the gene encoding cartilage-associated protein, a P3H-helper protein, prevent 3S-

hydroxylation of al(1)Pr0986 as well as 3S-hydroxylation of some other Xaa-position Pro 

residues, resulting in a phenotype nearly identical to classical 01. The underlying basis for the 

importance of 3S-hydroxylation of a 1 (I)Pro986 is unclear, but could involve reduced rates of 

CTH secretion. \05 Replacing Pro with 3S-Hyp in the Xaa position of CRPs can enhance CTH 
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stability slightly.13,106 A crystal structure of a CTH containing 3S-Hyp substitutions reveals the 

maintenance of the prototypical CTH structure and the absence of unfavorable steric interactions 

(Figure 1.4C).19 In contrast, replacing 3S-Hyp with (2S,3S)-3-fluoroproline destabilizes a CTH 

markedly, possibly due to a through-bond inductive effect that diminishes the ability of its main-

chain oxygen to accept a hydrogen bond (Figure 1.4d).11 

1.3.6 An n-J[* Interaction 

A general principle in the design of CRPs is that Pro residues with either a CY -endo or CY -exo 

ring pucker will stabilize CTHs in the Xaa and Yaa positions, respectively (Tables 1.2-1.4). 

Appropriate ring pucker, enforced by a stereoelectronic or steric effect, pre organizes the 

9 and IfItorsion angles to those required for CTH formation. 

Intriguingly, the stability of a (flpProGlY)7 or (c1pProGly)1O CTH is significantly less than 

that of a (ProFlpGlY)7 or (ProClpGly)1O CTH, respectively (Table 1.2).12,67 Likewise, a 

(mepProGlY)7 CTH is less stable than a (ProMepGlY)7 CTH (Table 1.2)?0 Two factors contribute 

to the lower stability of CTHs formed from CRPs with stabilizing Pro derivatives substituted in 

the Xaa position rather than the Yaa position. First, a CY-endo ring pucker is already favored by 

pro;8 flp, c1p, and mep merely enhance that preference (Table 1.3). In contrast, Flp, Clp, Hyp, 

and Mep have the more dramatic effect of reversing the preferred ring pucker of Pro, thereby 

alleviating the entropic penalty for CTH formation to a greater extent (Table 1.4). Second, Flp, 

Clp, and Mep in the Yaa position cause favorable preorganization of all three main-chain torsion 

angles (9, 1fI, and OJ) (Table 1.4). In contrast, flp, c1p, and mep have a low probability of adopting 

a trans peptide bond (OJ = 180°) relative to Pro (Table 1.3),12,20,66 thereby mitigating the benefit 

accrued from proper preorganization of 9 and 1fI. Notably, 13C-NMR studies on collagen in vitro 
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show that 16% of Gly-Pro bonds in unfolded collagen are in the cis confonnation, whereas only 

8% of Xaa-Hyp bonds in unfolded collagen are cis, an observation that confinns the effect of CY-

substitution on the confonnation of the preceding peptide bond. 107 

How does the effect of a 4-X substituent on Pro ring pucker influence the peptide bond 

isomerization equilibrium constant (Ktrans/cis; Figure l.5 and Tables l.3 and 1.4)? The explanation 

c: hI' f'C -* . . 8 108-110 I -* . . stems lrom anot er stereoe ectromc elect: an n~ I' - mteractIOn. ' n an n~ I' - mteractIOn, 

the oxygen of a peptide bond (Oi-I) donates electron density from its lone pairs into the 

antibonding orbital of the carbonyl in the subsequent peptide bond (C;'=Oi; Figures 1.8c and 

l.8d). The CY-exo ring pucker of a Pro residue provides a more favorable Oi--r·C,-'=Oi distance 

and angle for an n~n* interaction than does the CY-endo pucker.8 Importantly, Ktrans/cis for 

peptidyl prolyl amide bonds is strongly correlated with the pyrrolidine ring pucker, and is not 

generally affected by the identity of substituents in the 4-position of the pyrrolidine ring. I II 

Because an n~n* interaction can occur only if the peptide bond containing Oi-I is trans, the 

n~ n* interaction has an impact on the value of Ktrans/cis for main chains with appropriate 

backbone torsion angles (Table 1.4). Thus, imposing a CY -exo pucker on a pyrrolidine ring in the 

Yaa position of a CRP preorganizes not only the ¢ and Iff angles for CTH fonnation, but also the 

(0 angle. Indeed, a single n~n* interaction can stabilize the trans confonnation by t:.Go = -0.7 

kcallmo1. 108,109 

1.3.7 General Importance oj Stereoelectronic Effects Jor Protein Strncture 

Stereoelectronic effects on Pro ring pucker, backbone dihedrals, and Ktrans/cis 8,108-110 contribute 

markedly to the structure and stability of collagen (Tables 1.2-1.4 and Figure 

l.8).8,12,66,69,89,112,113 Pro derivatives that prefer the CY-exo ring pucker due to stereoelectronic (or 
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steric) effects stabilize CTHs in the Yaa position, while Pro derivatives that prefer the CY-endo 

ring pucker stabilize CTHs in the Xaa position. The CY-exo ring pucker facilitates an n~tr* 

interaction that stabilizes the trans peptide bond and provides an added measure of stability to 

CTHs in the Yaa position. 

Collagen has served as a valuable model system to demonstrate the importance of 

stereoelectronic effects on protein structure, but these effects extend beyond collagen to many 

other proteins and secondary structures. For example, Pro residues in proteins with their peptide 

bond in the cis conformation are nearly always CY-endo puckered,114,115 likely because the CY-

endo ring pucker obviates the trans-stabilizing n~ tr* interaction. The types of stereoelectronic 

effects that are important for the structure and stability of CTHs are now believed to modulate 

the structure and stability of isolated polyproline strands,116-118 the stability of barstar, 119 the 

formation and stability of ~-tum structure in elastin-related polypeptides,12o,121 the stability and 

nucleation of a_helices,IIO,122 the structure and stability of the Trp cage miniprotein,123 the 

folding of enhanced green fluorescent protein,124 and amide isomerism within peptoid 

backbones. 125 

1.3.8 Hyp in the Xaa Position 

In the Xaa position, a Pro residue with a CY -endo pucker generally stabilizes a CTH, whereas 

one with a CY-exo pucker destabilizes a CTH. For example, (HypProGlY)n CTHs are far less 

stable than the corresponding (ProProGlY)n CTHs (Table 1.2),74 because Hyp prefers the CY-exo 

ring pucker and thus preorganizes the ¢ and IfItorsion angles improperly for the Xaa position of a 

CTH (Table 1.4). Surprisingly, (HypHypGly)1O CTHs are actually slightly more stable than 

(ProHypGly)1O CTHs (Table 1.2),70,126 despite the Hyp residues in the Xaa position of 
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(HypHypGly)1O displaying the CY-exo ring pucker in a folded, crystalline CTH. 17

,127 It is 

noteworthy that crystal structures of (HypHypGly)1O CTHs show that the main-chain torsion 

angles in the Xaa position adjust to accommodate a CY-exo ring pucker in that position.' 7
,'27 

The finding that Hyp can stabilize CTHs in the Xaa position in a context-dependent manner 

was presaged in a study by Gruskin and coworkers on the global substitution of Hyp for Pro in 

recombinant type I-collagen polypeptides that formed stable CTHs.128 Notably, Hyp is found in 

the Xaa position of some invertebrate collagens 129 and can be acceptable in CTHs in which the 

Yaa position residue is not pro. 126
,130,13I Berisio and coworkers have suggested, on the basis of 

molecular modeling, that (HypHypGly)1O CTHs might be hyperstable due to interstrand dipole-

dipole interactions between proximal CCOH bonds of adjacent Hyp residues.6 Several groups 

have proposed that the stability of (HypHypGly)1O CTHs is attributable to the high hydration 

level of the peptide chains in the single-coil state prior to CTH formation, which could reduce 

the entropic cost of water-bridge formation. 17
,132,133 A combination of these factors is likely to be 

responsible for this anomaly. 

1.3.9 Heterotrimeric Synthetic Triple Helices 

Both flp and Flp greatly enhance CTH stability when in the Xaa and Yaa position, 

respectively. Nonetheless, (flpFlpGlY)n forms much less stable CTHs than does (ProProGlY)n 

(Table 1.2).11,73 In such a CTH, the fluorine atoms of flp and Flp residues in alternating strands 

would be proximal, and the C-F dipoles would interact unfavorably (Figure 1.9a).11 These 

deleterious steric and electronic interactions presumably compromise CTH stability despite 

appropriate preorganization of main chain torsion angles. This hypothesis was confirmed by two 

other findings. First, a (clpClpGly)1O CTH does not even form at 4°C, whereas a (flpFlpGly)1O 
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Figure 1.9 Heterotrimeric synthetic collagen triple helices. (a-c) Steric approach. Space
filling models of triple-helix segments constructed from the structure of a (ProHypGlY)n triple 
helix (PDB entry lcag3) with the program SYBYL (Tripos, St. Louis, MO). In panel a, rF···F = 

2.4 A in a (flpFlpGlY)n triple helix. I I In panel b, rCI···CI = 1.9 A in a (clpClpGlY)n triple helix.12 

In panel c, the methyl groups in a (mepMepGlY)n triple helix are radial and dista1.2o 

(d) Coulombic approach. Favorable Coulombic interactions drive the preferential assembly of 
triple helices having a 1: 1: 1 ratio of (ProLysGly) lO:(AspHypGly) 10: (ProHypGly) 10.

24 

CTH has T m = 30°C (Table 1.2).12,73 The steric clash between chlorine atoms of opposing clp 

and Clp residues is exacerbated by the large size of chlorine relative to fluorine (Figure 1.9b). 

Second, (mepMepGly)7 forms more stable CTHs than do either of the corresponding mono-

substituted CRPs, (mepProGlY)7 and (ProMepGlY)7 (Table 1.2). The 4-methyl groups protrude 

radially from the CTH (Figure 9c), and thus cannot interact detrimentally with each other.2o 

The steric and stereoelectronic effects on CTH stability manifested in the (flpFlpGlY)7 CRP 

provided, for the first time, a means to generate non-covalently linked, heterotrimeric CTHs with 

defined stoichiometry.",134 Analysis of CTH cross-sections suggested a CTH composed of 

(flpFlpGlY)7:(ProProGlY)7 in either a 1:2 or 2: 1 ratio could be stable, as the presence of some Pro 
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residues in the Xaa and Yaa positions would eliminate deleterious steric interaction between 

fluorine residues in opposing strands. A (flpFlpGlY)7:(ProProGly)? ratio of 2: 1 yielded the most 

stable CTHs, thereby demonstrating the first instance of heterotrimeric assembly of non-

covalently linked CTHs with controlled stoichiometry,11 and suggesting the possibility of 

developing a "code" for CTH assembly along the lines of the Watson-Crick code for DNA 

assembly. 

Gauba and Hartgerink developed an alternative strategy that employs Coulombic interactions 

to guide the assembly of heterotrimeric CTHs. 135 They observed that a 1: 1: 1 mixture of 

(ProArgGlY)IO:(GluHypGlY)IO:(ProHypGly)1O produces CTHs containing one negatively 

charged, one positively charged, and one neutral CRP. Intriguingly, a 

(ProLysGlY)IO:(AspHypGlY)IO:(ProHypGly)1O CTH has a Tm value similar to that of a 

(ProHypGly)1O homotrimer, even though Asp and Lys are known to destabilize significantly the 

CTH relative to Pro and Hyp (Figure 1.9d) .. This finding demonstrates the utility of Coulombic 

interactions for stabilizing CTHs.24 

Synthetic collagen heterotrimers are appealing mimics of natural collagen strands, as most 

collagen types are themselves heterotrimers (Table 1.1). Gauba and Hartgerink employed their 

Coulombic approach to generate mimics of type I collagen variants that lead to 01.136 

Specifically, they studied the stability of triple-helical heterotrimers containing one, two, or three 

Gly~Ser substitutions. They observed that a Gly~Ser substitution in only one or two chains is 

not as debilitating for CTH stability and folding as is a Gly~Ser substitution in all three chains. 

1.3.10 Non-Proline Subsitutions in the Xaa and Yaa Positions 
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Brodsky and coworkers detennined the frequency of occurrence of all possible tripeptides in 

a set of fibrillar and non-fibrillar collagen sequences?4 Only a few of the 400 possible amino-

acid triplets are observed with any frequency in collagen. Additionally, they have examined 

exhaustively the incorporation of all twenty common amino acids in the Xaa and Yaa positions 

of CRPs using a host-guest model system wherein a single Xaa YaaGly triplet is placed within a 

(ProProGlY)n or (ProHypGlY)n CRP. 137 These host-guest studies revealed a correlation between 

the propensity of a particular residue to adopt a PPII confonnation and its contribution to CTH 

stability.137 Notably, Arg in the Yaa position confers CTH stability similar to Hyp.I38,139 The 

aromatic amino acid residues Trp, Phe, and Tyr are all strongly destabilizing to the CTH, 137 

although the structural basis for this destabilization is unclear. Brodsky and coworkers used their 

data on host-guest CRPs to develop an algorithm that enables a priori calculation of the effect of 

Xaa and Yaa substitutions on CTH stability.140 

1.4 Higher-Order Collagen Structure 

In vivo, collagen has a hierarchical structure (Figure 1.2). Individual TC monomers self-

assemble into the macromolecular fibers that are essential components of tissues and bones. The 

self-assembly processes involved in collagen fibrillogenesis are of enonnous importance to ECM 

pathology and proper animal development. 

1.4.1 Directed Protein Aggregation 

Long, unfolded polypeptides, like those necessary to fonn the ECM, have an innate tendency 

to fonn aggregated structuresl41 such as amyloid fibrils and other types of deposits implicated in 

neurodegenerative diseases. These deposits are thought to fonn from either partially or fully 



27 
unfolded and misfolded proteins. Amyloid fibrils are composed largely of p-sheet structure. 142 

Many different peptides and proteins are capable of forming such amyloid fibrils. Interestingly, 

despite the great length of nascent, unfolded collagen polypeptides (~l 000 residues), the high 

degree of repetitive structure, and the slow rate of CTH formation, aggregation into the type of 

p-sheet structures responsible for amyloid fibrils is not observed. A plausible reason is the high 

incidence of Pro and Gly in the primary sequence of collagen. Pro and Gly are the two residues 

with the lowest p-sheet propensities. 143,144 Furthermore, Dobson and coworkers tested the impact 

of substituting certain residues on protein aggregation rates. They found that replacing Gly 

residues with residues other than Ala enhances the rate of protein aggregation. 145 

Thus, aside from the obvious importance of Pro and Gly for maintaining triple-helical 

structure, Nature might have had another reason for selecting these two amino acids as 

prominent components of collagen. The abundance of Pro and Gly results in fibrillogenesis to 

form the types of structures necessary for the ECM, but minimal risk for the formation of 

deleterious types of protein oligomers. Intriguingly, a unifying characteristic of major structural 

proteins in plants and animals (collagen, elastin, extensin, glycine-rich proteins, and proline-rich 

proteins) is their high Pro/Gly content. The chief exception is a-keratin, which is up to 25% Cys. 

Thus, the high Pro/Gly content of fibrous proteins could dissuade the formation of protein 

aggregates. Molecular dynamics simulations of elastin polypeptides support this proposal, as a 

minimum threshold of Pro/Gly content must be attained to realize elastomers instead of amyloid 

fibrils. 146 Accordingly, a fundamental driving force in the molecular evolution of abundant 

fibrous proteins could be the need to prevent p-sheet formation and the consequent formation of 

harmful aggregates. 
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1.4.2 Collagen Fibril Structure 

There are many classes of collagenous structures in the ECM, including fibrils, networks, and 

transmembrane collagenous domains (Table 1.1). For brevity, we focus here on fibrils composed 

primarily of type I collagen. 

TC monomers of type I collagen have the unique property of actually being conformationally 

unstable at body temperature,147 that is, the random coil conformation is the preferred one. How 

can stable tissue structures form from an unstable protein? The answer must be that collagen 

fibrillogenesis has a stabilizing effect on CTHs. Moreover, the assembly of strong 

macromolecular structures is essential to enable collagen to support stress in one, two, and three 

dimensions. 148 The importance of collagen fibrillogenesis is underscored by the conclusion of 

Kadler and coworkers that the fundamental principles underlying the formation of some types of 

modem collagen fibrils were established at least 500 million years ago. 149 

Collagen fibrillogenesis in situ occurs via assembly of intermediate-sized fibril segments, 

called microfibrils (Figure 1.2).150 Thus, there are two important issues for understanding the 

molecular structure of the collagen fibril. First, what is the arrangement of individual TC 

monomers within the microfibril? Second, what is the arrangement of the individual microfibrils 

within the collagen fibril? These questions have proven difficult to answer, as individual natural 

microfibrils are not isolable and the large size and insolubility of mature collagen fibrils prevent 

the use of standard structure-determination techniques. 

Collagen fibrils formed mainly from type I collagen (all fibrous tissues except cartilage) and 

fibrils formed largely from type II collagen (cartilage) have slightly different structures. 

Although we shall focus solely on type I collagen fibrils, recent data has enabled the 

determination of thin cartilage fibril structure to intermediate resolution (~4 nm). This structure 
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suggests that cartilage collagen fibrils have a 10 + 4 heterotypic microfibril structure-meaning 

that the fibril surface presents ten equally spaced microfibrils, and that there are four equally 

spaced microfibrils in the core of the fibril. l51 

Fibrils of type I collagen in tendon are up to 1 cm in length l52 and up to ~500 nm in diameter. 

An individual CTH in type I collagen is <2 nm in diameter and ~300 nm long. Clearly, 

fibrillogenesis on an extraordinary scale is necessary to achieve the structural dimensions of 

natural collagen fibrils. The most characteristic feature of collagen fibrils is that they are 

D-periodic with D = 67 nm. (D-periodicity is defined as the axial stagger of adjacent TC 

molecules by a distance, D, which is the sum of gap and overlap regions.) The banded structure 

observed in transmission electron microscopy (TEM) images of collagen fibrils occurs because 

the actual length of a TC monomer is not an exact multiple of D but L = 4.46D, resulting in gaps 

of O.54D and overlaps of 0.46D (Figure 1.2).2 This regular array of gap and overlap regions must 

be accounted for in structural models of the collagen fibril and microfibril. 

The initial proposal for the three-dimensional structure of fibrillar collagen was a simplified 

structural model for collagen microfibrils advanced by Petruska and Hodge in 1963. 153 Their 

model consisted of a two-dimensional stack in which five TC monomers within a microfibril are 

offset by D = 67 nm between neighboring strands (Figure 1.2). This model accounts for the gap 

and overlap regions apparent in mature collagen fibrils by TEM and atomic force microscopy 

(AFM). Many research groups began efforts to determine the three-dimensional structure of type 

I collagen fibrils at higher resolution. Numerous models were proposed to account for the 

features of fiber diffraction, TEM, and AFM images of such fibrils. 2
,154-157 Researchers generally 

agreed on a quasi-hexagonal unit cell containing five TC monomers as the basis for an accurate 
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model of the collagen fibril, but important details were in dispute. Recent findings indicate that 

the fibril-structure controversy is approaching resolution. 

In 2001, Orgel and coworkers reported the first electron-density map of a type I-collagen 

fiber at molecular anisotropic resolution (axial: 5.16 A; lateral: ILl A) using synchrotron 

radiation. 158,159 Their data confirm that collagen microfibrils have a quasi-hexagonal unit cell. 

The molecular packing of the TC monomers in this model results in TC neighbors arranged to 

form supertwisted, right-handed microfibrils that interdigitate with neighboring microfibrils-

leading to a spiral-like structure for the mature collagen fibril. 159 Their model advances the 

provocative idea that the collagen fibril is a networked, nanoscale rope-an idea also suggested 

. by the AFM studies ofBozec and co-workers. 156 

Orgel and coworkers determined the axial location of the N- and C-terminal collagen 

telopeptides and found that neighboring te10peptides within a TC monomer interact with each 

other and are crosslinked covalently subsequent to the action of lysyl oxidase. 160 The crosslinks 

can be both within and between microfibers. Intriguingly, the supertwisted nature of the collagen 

microfibril is maintained through the non-helical telopeptide regions. 159 

This new model of the fibril of type I collagen explains the failure of previous researchers to 

isolate individual collagen microfibrils from tissue samples: the microfibrils interdigitate and 

crosslink, and thus cannot be separated from each other in an intact form. The new model also 

justifies the observation that TC in fibrils is far more resistant to collagen proteolysis by matrix 

metalloproteinase I (MMPI) than is monomeric TC: the collagen fibril protects regions 

vulnerable to proteolysis by MMPI. Proteolysis of the C-terminal telopeptide of TC in a fibril is 

required before MMPI can gain access to the cleavage site of a TC monomer.161 
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1.4.3 Nucleation and Modulation of Collagen Fibril/ogenesis 

Collagen fibrillogenesis requires completion of two stages of self-assembly: nucleation and 

fiber growth. Collagen fibrillogenesis begins only after procollagen N- and C-proteinases cleave 

the collagen propeptides at each terminus to generate TC monomers. The C-terminal propeptides 

are essential for proper CTH formation, but prevent fibrillogenesis. 162 After cleavage of the 

propeptides, TC monomers are composed of a lengthy triple-helical domain consisting of a 

repeating Xaa YaaGly sequence flanked by short, non-triple-helical telopeptides (Figure 1.2). 

The C-terminal telopeptides of TC are important for initiating proper fibrillogenesis. Prockop 

and Fertala suggested that collagen self-assembly into fibrils is driven by the interaction of 

C-terminal telopeptides with specific binding sites on triple-helical monomers.163 The addition of 

synthetic telopeptide mimics can inhibit collagen fibrillogenesis, presumably by preventing the 

interaction between collagen telopeptides and TC monomers. CTHs lacking the telopeptides can, 

however, assemble into fibrils with proper morphology.164 Thus, collagen telopeptides could 

accelerate fibril assembly and establish the proper register within microfibrils and fibrils, but 

might not be essential for fibrillogenesis. 

Collagen telopeptides have a second role in stabilizing mature collagen fibrils. Lysine (Lys) 

side chains in the telopeptides are crosslinked subsequent to fibril assembly, forming desmosine 

and isodesmosine crosslinks between Lys and hydroxylysine residues with the aid of lysyl 

oxidase (Figure 1.2).165 The crosslinking process endows mature collagen fibrils with strength 

and stability, but is not involved in fibrillogenesis. Thus, although collagen telopeptides might 

not be essential for nucleating collagen fibrillogenesis, their absence greatly weakens the mature 

fibril due to the lack of crosslinks within and between CTHs. 165 
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1.5 Mechanical Properties of Collagen Fibrils 

The hierarchical nature of collagen structure theoretically enables evaluation of the 

mechanical properties of collagen at varying levels of structural complexity, including the TC 

monomer, individual collagen fibrils, and collagen fibers. Perhaps the most direct measures of 

the mechanical properties of collagen have been obtained by studying TC monomers and fibrils 

formed from type I collagen. Researchers have employed various biophysical and theoretical 

techniques over the pasttwenty years, and recent advances in AFM methodology have enabled 

more refined evaluations. 

In 2006, Buehler estimated the fracture strength of a TC monomer to be 11 GPa, which is 

significantly greater than that of a collagen fibril (0.5 GPa).148 This difference is reasonable, 

given that fracture of a TC monomer requires unraveling of the CTH and ultimately breaking of 

covalent bonds, whereas fracture of a fibril does not necessarily require the disruption of 

covalent bonds. For comparison, the tensile strength of collagen in tendon is estimated to be 100 

MPa. 166 

The Young's modulus of a TC monomer is E = 6-7 GPa,148.167 whereas AFM measurements 

show that dehydrated fibrils of type I collagen from bovine Achilles tendonl68 and rat tail 

tendonl69 have E::::: 5 GPa and E:S 11 GPa, respectively. Because collagen fibrils are anisotropic, 

the shear modulus (which is a measure of rigidity) is also an important measure of the strength of 

a collagen fibril. In 2008, AFM revealed that dehydrated fibrils of type I collagen from bovine 

Achilles tendon have G = 33 MPa. l7o Hydration of these fibrils reduced their shear modulus 

significantly, whereas carbodiimide-mediated crosslinking increased their shear modulus. It is 

noteworthy that a certain level of cross linking is favorable for the mechanical properties of 
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collagen fibrils, but exceSSIve crosslinking results III extremely brittle collagen fibrils,148 a 

common symptom of aging. 

An analysis by Buehler of the mechanical properties of collagen fibrils suggests that Nature 

has selected a length for the TC monomer that maximizes the robustness of the assembled 

collagen fibril via efficient energy dissipation. 148 Simulations indicate that TC monomers either 

longer or shorter than ~300 nm (which is the length of a type I CTH) would form collagen fibrils 

with less favorable mechanical properties. 

1.6 Collagenous Biomaterials 

Research on the structure and stability of CTHs has focused on blunt-ended CTHs composed 

of (Xaa YaaGlY)n:'Olo CRPs. These short CTHs, though valuable for studies directed at 

understanding the physicochemical basis of CTH structure and stability, are not useful for many 

potential biomaterials applications because of their small size, which does not approach the scale 

of natural collagen fibers (Figure 1.2). 

Bovine collagen is readily available and useful for some biomedical purposes, but it suffers 

from heterogeneity, potential immunogenicity, and loss of structural integrity during the isolation 

process. An efficient recombinant or synthetic source of collagen could avoid these 

complications. The heterologous production of collagen is made problematic by the difficulty of 

incorporating posttranslational modifications, such as that leading to the essential Hyp residues 

(Figure 1.6), and the need to use complex expression systems. 17I These challenges underscore 

the need for synthetic sources of collagen-like proteins and fibrils. 

1.6.1 Collagen via Chemical Synthesis 



34 
Early approaches to long synthetic CTHs relied on the condensation172

,173 or native chemical 

ligation of short CRPs.173 Interestingly, concentrated aqueous solutions of (ProHypGly)1O self-

assemble into highly branched fibrils. 174 Brodsky and coworkers have shown that the rate of 

(ProHypGly)1O self-assembly and the morphology of the resultant fibrils are sequence-

dependent. 175 CRPs containing a single Pro~Ala or Pro~Leu substitution display slower self-

assembly; fibril morphology can be modified by a Gly~Ser substitution, or prevented by a 

single Gly~Ala substitution or global Hyp~Pro substitutions. Regardless, the higher-order 

structures formed by the self-assembly of (ProHypGly)1O and related CRPs do not resemble 

natural collagen fibrils. 

Long CTHs have been prepared by using a design that takes advantage of the intrinsic 

propensity of individual CRP strands to form CTHs. Specifically, a cystine knot within short 

collagen fragments was utilized to set the register of individual collagen strands such that short, 

"sticky" ends preorganized for further CTH formation were displayed at the end of each triple-

helical, monomeric segment (Figure l.10a).9,10 Self-assembly of these short, CTH fragments was 

then mediated by association of the "sticky" ends, resulting in collagen assemblies as long as 400 

nm-significantly longer than natural TC monomers. 10 Koide and coworkers used this system to 

prepare tunable collagen-like gels with potential biomaterials applications. 176 

Maryanoff and co-workers developed another approach to long CTHs, one that relied on the 

predilection of electron-rich phenyl rings of C-terminal phenylalanine residues installed in a 

short CRP to engage III Jr-stacking interactions preferentially with electron-poor 

pentafluorophenyl rings of N-terminal pentafluorophenylalanine residues (Figure l.1 Ob ).22 Their 

strategy produced micrometer-scale triple-helical fibers. This Jr-stacking approach has been used 

to generate thrombogenic collagen-like fibrils for applications in biomedicine.23 In addition, 
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attachment of gold nanoparticles to these fibrils and subsequent electroless silver plating yielded 

collagen-based nanowires that conduct electricity.177 Przybyla and Chmielewski used metal-

triggered self-assembly to obtain collagen fibrils from a CRP. 178 A single Hyp residue in Ac-

(ProHypGlY)9-NH2 was replaced with a bipyridyl-modified Lys residue. Addition of Fe(II) to a 

solution of this CRP triggered self-assembly into morphologically diverse fibrils of up to 5 11m in 

length with a mean radius of 0.5 11m. A related metal-triggered, CRP self-assembly process was 

also utilized to generate collagen-based microflorettes. 179 

A major advance in the development of synthetic CRP assemblies with improved similarity 

to collagen fibrils was reported by Chaikof, Conti cello, and coworkers.2s They synthesized a 

CRP with the sequence (ProArgGlY)4-(ProHypGlY)4-(GluHypGlY)4 and observed self-assembly 

in solution into fibrils 3-4 Ilm in length and 12-15 nm in diameter. Upon heating the peptide 

solution to 75°C for 40 min and then cooling to room temperature, they observed thicker fibrils 

(~70 nm in diameter). Importantly, these fibrils exhibited two key characteristics of natural 

collagen fibrils. First, the fibrils displayed tapered tips at their termini-a feature observed in 

type I collagen fibers and thought to be important for fiber growth. 180 Second, Chaikof, 

Conticello, and co-workers observed D-periodic structure in synthetic collagen fibrils, with D ;:::: 

18 nm. The self-assembly process presumably relies on Coulombic interactions and hydrogen 

bonds between charged Arg and Glu residues in individual, axially staggered triple helices 

(Figure 1.10c). 

The methodologies described above enable the creation of long, triple-helical, collagen-like 

fibrils. Despite major advances, synthetic collagen-mimetic fibrils still lack many of the 

characteristics of higher-order collagen structures. In addition, the mechanical properties of 

synthetic collagenous materials have not been studied to date. Synthetic collagens that closely 
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mimic the length, girth, patterns, mechanical properties, and complexity of natural collagen 

fibrils remain to be developed, but rapid progress in the past few years engenders great 

optimism. 

1.6.2 Biological and Biomedical Applications o/Synthetic Collagen 

Relatively few CRPs have been tested as biomaterials. Goodman and coworkers showed that 

peptoid-containing CRPs have a notable ability to bind to epithelial cells and fibroblasts, 

particularly when displayed on a surface. I 81 CRPs are also useful for inducing platelet 

. h' h 'd h d h l' 182183 aggregatIOn, w IC can al t e woun - ea mg process. ' 

A key step toward utilizing collagenous biomaterials for therapeutic purposes is the 

development of CRPs that can either adhere to or bury themselves within biological collagen. 

Most efforts toward these objectives have relied on immobilization of CRPs on an unrelated 

substance. Yu and coworkers prepared CRP-functionalized gold nanopartic1es and demonstrated 

binding of the gold nanopartic1es to the gap region of natural collagen. 184 Maryanoff and co-

workers found that CRPs displayed on latex nanopartic1es can stimulate human platelet 

aggregation with a potency similar to that of type I collagen. 182 In an important extension of this 

work, they demonstrated that triple-helical fibrils obtained via aromatic interactions had a similar 

level of thrombogenic activity to the CRPs immobilized on latex nanopartic1es.23 Finally, single 

strands of CRPs and PEG-conjugated CRPs bind to collagen films even without immobilization 

on nanopartic1es, I 85 and are of potential use in collagen imagingl86 and wound-healing 

applications.187 The future of these approaches appears to be especially bright. 
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Figure 1.10 Strategies for the self-assembly of long, synthetic collagen triple helices and 
fibrils. (a) Disulfide bonds enforce a strand register with "sticky ends" that self-assemble_9

,10 

(b) Stacking interactions between electron-poor pentafluorophenyl rings and electron-rich 
phenyl rings lead to self-assembly.22,23 (c) Coulombic forces between cationic and anionic 
blocks encourage self-assembly. TEM image of a resulting fiber shows D-periodicity with D 
= 17.9 nm?S Natural type I collagen has D = 67 nm. 
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1. 7 Conclusion 

High-resolution crystal structures and modern biophysical approaches have enabled detailed 

study of the structure and stability of CTHs. The ladder of hydrogen bonds observed in these 

crystal structures is essential for holding the CTH together, and its absence in natural collagen 

leads to a variety of pathological conditions. Stereoelectronic effects impart significant structural 

stability to collagen by preorganizing individual polypeptides for CTH formation. For example, 

Hyp in the Yaa position stabilizes the CTH via a stereoelectronic effect. Stereoelectronic effects 

are also important for the structure and stability of numerous other peptides and proteins. 

Posttranslational modifications to protocollagen are of fundamental importance to the synthesis 

of a stable ECM. These modifications include hydroxylation and crosslinking reactions. 

Collagen fibrillogenesis is an essential process for the formation of macromolecular biological 

scaffolds. Relatively high-resolution models of type I and type II collagen fibrils are now 

available and, for type I collagen, show that collagen fibrils can be described as nanoscale ropes. 

Importantly, simple means to synthesize long CTHs and fibrils have now become apparent. The 

resultant materials are poised for use in biomedicine and nanotechnology. 

Despite all these advances, there remain many unanswered questions in the field of collagen 

research. The factors that affect CTH stability for Pro derivatives in the Yaa position are now 

clear. In comparison, the Xaa position is understood only poorly. What, for example, is the 

physicochemical basis for the anomalous effects of hyp and Hyp on CTH stability in the Xaa 

position? Much of our current understanding of CTH structure and stability derives from 

analyses of triple-helical CRPs. Do these analyses provide insight on the stability and mechanical 

properties of natural collagen fibrils? What functionalities in natural collagen are important for 

proper fibril formation in the ECM? How might diseases stemming from improper fibril 
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fonnation be subject to therapeutic intervention? Can improved methods be developed to 

synthesize long CTHs and relevant mimics of complex, hierarchical collagen assemblies? What 

are the molecular structures of nonfibrillar collagen assemblies? How are those assemblies 

fonned in vivo? Natural collagens appear to engage many other proteins and biomolecules. 

Which ones and how? Can those interactions be manipulated to treat disease? How can synthetic 

collagen-based biomaterials lead to expeditious therapies? The answers to these questions, and 

others, are within our grasp. 

1.8 Thesis Summary 

My research has focused on a hypothesis-driven, physical organic approach to understanding 

CTH structure and stability. Alongside these efforts, I have advanced our comprehension of and 

ability to modulate the confonnational preferences of Pro and its derivatives. In Chapter 2, I 

describe my efforts toward enhancing CTH stability using steric effects. I synthesize two 4-

methylproline diastereomers, show how the methyl moiety modulates pyrrolidine ring 

confonnation, and then incorporate these derivatives in CRPs. The results demonstrate that steric 

effects can stabilize the CTH, that dipole effects are not of dominant importance for the stability 

of the classical CTH, and that preorganizing both the Xaa and Yaa position of CRPs for CTH 

fonnation can be thennodynamically favorable. In Chapter 3, I design an experiment to test the 

origin of the stability conferred upon collagen by fluorination of Pro residues. I explore the 

confonnational preferences of the Pro derivative (2S)-4,4-difluoroproline, incorporate it in 

CTHs, and show that fluorination does not stabilize the CTH via a simple hydrophobic effect. In 

Chapter 4, I employ the principles of preorganization and a comprehensive understanding of the 

physicochemical basis of collagen structure and stability to generate CTHs more stable than any 
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others known. Thermodynamic and crystallographic analyses of these hyperstable CTHs 

demonstrate, for the first time, that the hyperstability is attributable to preorganization. The 

approach described in Chapter 4 could be applied to many other peptide and protein structures. 

In Chapter 5, I describe the synthesis and conformational analysis of 4-chloroproline derivatives. 

Furthermore, I incorporate these derivatives in triple-helical CRPs and study their effects on 

CTH stability. These findings are guiding our continued efforts in the field of collagen 

biomaterials research, which are described in Appendix B. In Chapter 6, I focus my attention on 

the intriguing, and hitherto unexplained, discovery that hyp strongly destabilizes the CTH in the 

Xaa position.75 By methylating the hydroxyl group of hyp and then studying the effects of this 

modification on proline conformation and CTH stability, I show that the instability of hyp-

containing CTHs is due, in large part, to a transannular hydrogen bond that disrupts the CTH. In 

Chapter 7, I explore arguably the most surprising finding in the collagen field in the past six 

years: the finding that CY-exo puckered Pro derivatives can stabilize CTHs even in the Xaa 

position. By incorporating a battery of CY -exo puckered prolines in the Xaa and Yaa positions of 

CRPs, I show that the stability of these novel CTHs is due primarily to interstand dipole-dipole 

interactions. In Chapter 8, I describe the incorporation of a reactive functional group, a ketone, in 

triple-helical CRPs. I explore the conformational preferences of (2S)-4-ketoproline and present 

our efforts toward generating covalently linked CTHs. In Chapter 9, I discuss potential future 

directions for these research projects and the collagen field at large. In two appendices, I describe 

our efforts toward self-assembling, collagen-based materials and use a methanoproline model 

system to explore the effects of y-substituents on Ktrans/cis ratios for the prolyl peptide bond. 

Several other research projects I either initiated or participated in do not appear in this thesis. For 

example, I have initiated a collaboration with the Hartgerink group at Rice University to 
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compare the effects of (ProHypGlY)n and (ProFlpGlY)n strands on the stability of heterotrimeric 

CTHs, with the goal of determining whether the stabilizing effects of Hyp and Flp are reiterated 

in a heterotrimeric context. In collaboration with the Krow group at Temple University, I have 

explored the conformational properties of ~-methanoproline oligomers and observed the 

presence of long-range order in such peptides. I am also interested in developing a synthetic 

approach that will enable incorporation of canavanine (Cav), an arginine analog, in peptides by 

Fmoc solid phase peptide synthesis. I have developed synthetic routes to Fmoc-Cav(Boc )2-0H, 

H-Cav(Pmc)-OH (en route to Fmoc-Cav(Pmc)-OH), and H-Cav(Pbf)-OH (en route to Fmoc-

Cav(Pbf)-OH), all of which could prove useful for the synthesis of Cav-containing polypeptides. 

These efforts, and others, are documented in my laboratory notebooks. 
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CHAPTER 2* 

RECIPROCITY OF STERIC AND STEREO ELECTRONIC EFFECTS IN THE 

COLLAGEN TRIPLE HELIX 

Abstract: In previous work, we demonstrated that 4-fluoroproline residues can contribute greatly 

to the conformational stability of the collagen triple helix, and that this stability could arise from 

stereoelectronic effects that fix the pucker of the pyrrolidine ring and thereby preorganize the 

peptide backbone properly for triple-helix formation. Here, we take a reciprocal approach, 

demonstrating that the steric effect of a 4-methyl group confers collagen triple-helix stability 

similar to that from a 4-fluoro group in the opposite configuration. Such fundamental interplay 

between steric and stereoelectronic effects is heretofore unknown in proteins-natural or 

synthetic-and provides a new means to modulate conformational stability. 

*This chapter has been published, in part, under the same title. Reference: Shoulders, M. D.; 

Hodges, J. A.; Raines, R. T. Journal of the American Chemical Society 2006, 128, 8112-8113. 
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2.1 Introduction 

Steric and stereoelectronic effects play a defining role in molecular conformation and 

reactivity. In small molecules, steric and stereoelectronic effects often have dichotomous 

consequences. For example, the anomeric effect in glycosides yields axial substituents that are 

disfavored by sterics. 188 Similarly, replacing the steric effect of a methyl group with the 

stereoelectronic effect of a flu oro group enables a ~-peptide to fold. 189 

Stereoelectronic effects contribute markedly to the conformational stability of an abundant 

protein: collagen. I,8,66,67,71,99 Collagen is a fibrous protein comprising a triple-helical bundle of 

three parallel strands folded into polyproline-II type helices?,38-42 Each strand consists of ~300 

repeats of the unit: Xaa YaaGly, where Xaa is often (2S)-proline (Pro) and Yaa is often (2S,4R)-

4-hydroxyproline (Hyp).34 The pyrrolidine ring in the Xaa and Yaa positions have CY-endo and 

CY-exo ring puckers, respectively.7,98 These puckers can be preordained by a stereoelectronic 

effect. Specifically, the gauche effect from a 4S-fluoro group stabilizes the CY-endo pucker; that 

from a 4R-fluoro group stabilizes the CY-exo pucker (Figure 2.1).8,66,67,71,99 These stereoelectronic 

effects can markedly enhance the conformational stability of a collagen triple helix (CTH). We 

reasoned that pyrrolidine ring pucker could instead be fixed and hence CTH stability enhanced 

by steric rather than stereoelectronic effects. Herein, we report on the bestowal of conformational 

stability to CTHs by steric effects that reiterate stereoelectronic effects. 

~R'~R~ 
,t 0 ,I, 0 

CY·endo C7·exo 

Figure 2.1 Ring conformations of 4-substituted proline residues. The CY-endo conformation is 
favored strongly by steric effects when RI = Me, R2 = H (mep) or stereoelectronic effects 
when RI = Hand R2 = F (flp). Similarly, the CY-exo conformation is favored strongly by steric 
effects when RI = H, R2 = CH3 (Mep) or stereoelectronic effects when RI = OH, R2 = H 
(Hyp) or RI = F, R2 = H (Flp). 
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2.2 Results and Discussion 

Density functional theory (DFT) indicated that the pyrrolidine nng of (2S,4R)-4-

methylproline (mep) has a strong preference (1.4 kcal/mol) for the CY-endo ring pucker and that 

of (2S,4S)-4-methylproline (Mep) has a strong preference (1.7 kcal/mol) for the CY-exo ring 

pucker (vide infra; Figure 2.1). These conformational preferences are observed in crystalline Ac-

mep-NHMe and Ac-Mep-NHMe,97 and follow the trend observed in 4-tert-butylprolines. 19o 

Furthermore, we obtained a crystal structure of Ac-Mep-OMe (2.1) which showed that it adopts 

the CY-exo ring pucker in the solid state (Figure 2.2) with a conformation nearly identical to that 

of Ac-Hyp-OMe.5 In the preferred conformations, the methyl group of mep and Mep adopts a 

pseudo-equatorial conformation. (It is noteworthy that a pseudoaxial CCH allows for greater 

u---+(/ hyperconjugative interactions with C8-N-a stereo electronic effect-than does a 

pseudoaxial CCCH3.191) A methyl group in this conformation should protrude radially from a 

CTH and thus not instill any deleterious interstrand steric interactions. Accordingly, we 

A 

2.1 

B 

~ 
O~ 

Ac-Mep-OMe (2.1) 

c 

Ac-Hyp-OMe 

Figure 2.2 (A) Molecular drawing of crystalline Ac-Mep-OMe (2.1; 50% probability 
ellipsoids). (B) Conformation of crystalline 2.1 and Ac-Hyp-OMe5 depicted with the program 
PyMOL (Delano Scientific, Palo Alto, CA). 
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synthesized mepOH and MepOH I92 and incorporated these non-natural ammo acids into 

collagen strands to yield: (mepProGlY)7, (ProMepGlyh and (mepMepGlY)7. We incubated 

solutions of each strand at :54 DC, and then used circular dichroism (CD) spectroscopy to detect 

formation of CTHs and assess their conformational stability. 

(mepProGlY)7, (ProMepGlY)7, and (mepMepGlY)7 formed CTHs at 4°C, as indicated by an 

ellipiticity maximum near 225 nm (Figure 2.3A). The self-association of (ProMepGlY)7, 

(mepMepGlY)7' and, to a lesser extent, (mepProGlY)7 at 4 °C was confirmed by sedimentation 

equilibrium experiments. (mepProGlY)7, (ProMepGlY)7, and (mepMepGlY)7 CTHs had Tm values 

of 13, 29, and 36°C, respectively (Figure 1.3B; Table 2.1), which are much greater than that of 

3 

l... 0 
0 
E -3 
"0 
N 

E -£ 
0 
01 

-9 d> 
"0 

'0 -12 
~ -

-18 
210 

-'I.. 3 
o 
E 
"0 

E 2 
o 
g> 
"0 

'" o ..... -
~ 
..... 

~ 
N 
N 

I 
(mep-Mep-Glyh A 

I (mep-Pro-Gly), 

(pro-Mep-GIY)7 

220 230 240 250 260 
Wavelength (nm) 

B 

§: 10 20 30 40 50 60 70 
T("C) 

Figure 2.3 Conformational analysis of (mepProGlY)7, (ProMepGlY)7, and (mepMepGlY)7 by 
CD spectroscopy. (A) Spectra of peptide solutions (0.2 mM in 50 mM acetic acid) incubated 
at :54 °C for ~24 h. (B) Effect of temperature on the molar ellipticity at 225 nm 
((ProMepGlY)7 and (mepMepGly)7) or 227 nm ((mepProGlY)7). Data were recorded at 
intervals of 1 or 3 °C after equilibration for ~5 min. 
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(ProProGlY)7. 11 Furthennore, CD experiments III solutions containing the osmoloyte 

trimethylamine-N-oxide (TMAO) confinn that CTHs of (mepProGlY)7 have a Tm value near 13 

°C (Figure 2.4), but the low molar ellipticity at 227 nm (Figure 2.3A) and the results of 

sedimentation equilibrium experiments suggest that (mepProGlY)7 is only partially assembled at 

4 °C (in contrast, (ProProG IY)7 remains entirely monomeric at 4 °C II). Thus, we conclude that 

steric effects can indeed stabilize the CTH. 

Mep in the Yaa position confers more stability to a CTH than does mep in the Xaa position 

(Table 2.1). Likewise, (2S,4R)-4-fluoroproline (Flp) in the Yaa position increases triple-helical 

propensity more than does (2S,4S)-4-fluoroproline (flp) in the Xaa position.8,66-68,71,88,99 We 

suspected that this dichotomy could arise from the effect of the steric and stereoelectronic effects 

on the peptide bond itself. The trans:cis ratio of Ac-Pro-OMe in D20 is only Ktrans/cis = 4.6.66 Yet, 

all peptide bonds in the CTH are in the trans confonnation (OJ = 180°).3,38-42 

To detennine the effect of a 4-methyl group on the value of Ktrans/cis, we synthesized 

[
13CH3]Ac-mep-OMe (2.2) and [13CH3]Ac-Mep-OMe (2.1) and evaluated Ktrans/cis with 13C NMR 

spectroscopy. The trans:cis ratio was twofold greater for Ac-Mep-OMe (2.1) (Ktrans/cis = 7.4) than 
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Figure 2.4 (A) Circular dichroism spectra of (mepProGlY)7 in the presence of TMAO (l.5, 
2.0, 2.5, or 3.0 M) at 4 dc. The maxima at ~225 nm are indicative of a collagen triple helix. 
(B) Thennal denaturation experiments with (mepProGlY)7 in the presence ofTMAO (1.5, 2.0, 
2.5, or 3.0 M). Cooperative transitions are apparent in all four solutions. (C) Plot of Tm values 
for (mepProGlY)7 versus TMAO concentration. Linear regression and extrapolation to 0 M 
TMAO gives Tm = 17.7 DC. 
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for Ac-mep-OMe (2.1) (Ktrans/cis = 3.6). These data provide an explanation for CTHs formed by 

(ProMepGly)? being more stable than those formed by (mepProGly)? Moreover, it is noteworthy 

that the value of Ktrans/cis for a 4-substituted Pro residue typically correlates with its ring pucker, 

an effect that is attributable to the stabilization of the trans isomer by an n-l/ interaction in the 

CY-exo conformation.8,I08-111 Apparently, a balance exists between preorganization of the proper 

ring pucker and stabilization of a trans peptide bond. 126 

Table 2.1 Effect of 4-Methylproline and 4-Fluoroproline Diastereomers on the Conformational 
Stabili ty of the Collagen Tri .... pl_e_H_e=-l_ix--:-:-__ ---,=-;--:::-::-= __ =-"...-_ 

Peptide Tm (± 1 DC) Ref. 
(ProFlpGlY)7 45 66 

(mepMepGlY)7 36 
(ProHypGlyh 36 
(flpProGlY)7 33 

(ProMepGlY)7 29 
(mepProGlY)7 13 
(flpFlpGlY)7 80 

(ProProGlyh _6a 

aBased on the extrapolation of data from solutions containing TMAO. 

2.3 Conclusion 

this work 
66 

67 
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this work 

11 

11 

Our findings have numerous implications. Only recently were stereoelectronic effects found 

to contribute to the conformational stability of a protein. I,8,12,66-69,71,88,99,112,193 Herein, steric 

effects are shown to reiterate those same stereoelectronic effects. The stability of a non-natural 

(mepMepGly)? CTH is indistinguishable from that of the "natural" (ProHypGly)? CTH (Table 

2.1), indicating that sidechaiil heteroatoms (and hence sidechain solvation) are not necessary for 

the formation of a stable CTH. The stereoelectronic effects induced by heteroatoms are not 

additive in collagen. A (flpFlpGly)? CTH is less stable than is a (flpProGly)? or (ProFlpGly)? 

CTH (Table 2.1), presumably because of an unfavorable steric interaction between fluoro groups 

on adjacent strands. II ,?3 In contrast, the steric effects are additive, as a (mepMepGly)? CTH is 

more stable than is a (mepProGly)? or (ProMepGly)? CTH (Table 2.1). The methyl groups of 
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mep and Mep in synthetic collagen can likely be elaborated to larger functionalities without 

undesirable encumbrance. We imagine the creation of a new class of hyperstable collagen 

mimetics by the judicious integration of stereoelectronic and steric effects. The application of 

these venerable principles coupled with recent advances in the self-assembly of collagen 

fragments9,lo,22,23,25,172,173,178,179 provides the means to create sturdy synthetic collagens for 

applications in biomedicine and biotechnology. 
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2.5 Experimental 

2.5.1 General Considerations 

Commercial chemicals were of reagent grade or better, and were used without further 

purification. Anhydrous THF, DMF, and CH2Ch were obtained from CYCLE-TAINER® solvent 

delivery systems (1. T. Baker, Phillipsburg, Nl). Other anhydrous solvents were obtained in 
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septum-sealed bottles. In all reactions involving anhydrous solvents, glassware was either oven-

or flame-dried. NaHC03 and brine (NaCl) refer to saturated aqueous solutions unless specified 

otherwise. Flash chromatography was performed with columns of silica gel 60, 230-400 mesh 

(Silicyc1e, Quebec City, Canada). Semi-preparative HPLC was performed with a Zorbax C-8 

reversed-phase column. Analytical HPLC was performed with an Agilent C-8 reversed-phase 

column using linear gradients of solvent A (H20 with 0.1 % v/v TF A) and solvent B (CH3CN 

with 0.1% v/v TFA). 

The term "concentrated under reduced pressure" refers to the removal of solvents and other 

volatile materials using a rotary evaporator at water aspirator pressure «20 torr) while 

maintaining the water-bath temperature below 40 DC. Residual solvent was removed from 

samples at high vacuum «0.1 torr). The term "high vacuum" refers to vacuum achieved by a 

mechanical belt-drive oil pump. 

NMR spectra were acquired with a Bruker DMX-400 Avance spectrometer eH, 400 MHz; 

I3C, 100.6 MHz) at the NMRF AM. NMR spectra were obtained at ambient temperatures on 

samples dissolved in CDCh unless indicated otherwise. Coupling constants (1) are provided in 

Hertz. Compounds with a carbamate protecting group (e.g., Boc or Fmoc) exist as mixtures of Z 

and E isomers that do not interconvert on the NMR time scale at ambient temperatures. 

Accordingly, these compounds exhibit two sets of NMR signals, except when spectra are 

obtained at higher temperature (as indicated). 

Mass spectrometry was performed with either a Micromass LCT (electrospray ionization, 

ESI) in the Mass Spectrometry Facility in the Department of Chemistry or an Applied 

Biosystems Voyager DE-Pro (matrix-assisted laser desorption/ionization, MALDI) mass 

spectrometer in the UW-BIF. 
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(S)-2-tert-

(2.8) were 

synthesized by the method of Del Valle and Goodman.I92 N-tert-Butyloxycarbonyl-(2S)-

prolylglycine benzyl ester (2.5) was synthesized by the method of Jenkins et a1. ls Synthetic 

routes to N-9- fluorenylmethyloxycarbonyl-(2S,4R)-4-methylprolyl-(2S)-prolylglycine (2.7) and 

N-(2- 13CH3-acetyl)-(2S,4R)-4-methylproline methyl ester (2.2), N-9-

fluorenylmethyloxycarbonyl-(2S)-prolyl-(2S,4S)-4-methylprolylglycine (2.13) and N-(2- 13CH3-

acetyl)-(2S,4S)-4-methylproline methyl ester (2.1), and N-9-fluorenylmethyloxycarbonyl-

(2S,4R)-4-methylprolyl-(2S,4S)-4-methylprolylglycine (2.15) are summarized in Schemes 2.1, 

2.2, and 2.3, respectively. 

2.5.2 Synthesis ojN-(2-13CH3-Acetyl)-(2S,4R)-4-methylproline methyl ester (2.2) 

Following the method of Nudelman et al,194 Boc-mep-OH (2.3) (80 mg, 0.35 mmol) was 

dissolved in anhydrous MeOH (11 mL), and the resulting solution was cooled to 0 °C. Acetyl 

chloride (12.1 g, 150 mmol) was added dropwise and the reaction mixture was allowed to warm 

slowly to rt and stirred for 6 h. The resulting solution was concentrated under reduced pressure 

and the residue dissolved in anhydrous CH2Ch (15 mL). N,N-4-Dimethylaminopyridine (385 

mg, 3.2 mmol) was added, followed by the dropwise addition of H3
13CC(O)CI (250 mg, 3.0 

mmol) and the reaction mixture was stirred for 24 h. MeOH (5 mL) was added to quench the 

reaction. The resulting solution was concentrated under reduced pressure, and the residue was 

dissolved in 10% w/v citric acid(aq), extracted with CH2Ch (2 x 40 mL), dried over anhydrous 

MgS04(S), and concentrated under reduced pressure. The crude product was purified by flash 
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chromatography (50% v/v EtOAc in hexane to elute byproducts followed by 6% v/v MeOH in 

EtOAc) to afford Ac-mep-OMe (2.2) (50 mg, 0.27 mmol, 77%) as a colorless oil. IH NMR b: 

1.08 and 1.07 (2 d, J = 5.8, 3H), 1.76-1.86 (m, 1H), 2.08 (d, JC- H = 128, 3H), 2.06-2.09 (m, 1H), 

2.52 (m, 1H), 3.05 (t, J = 9.2, 1H), 3.71-3.83 (m, 4H), 4.41 and 4.54 (2 dd, J = 2.4,9.0, 1H); I3C 

NMRb: 17.5,17.9,22.1,22.3,32.7,37.2,52.4,53.3,54.9,58.7, 60.7,169.3,169.8,173.0; ESI-

EMM (mlz): [M + Nat calcd for Cs I3CH1SN03Na, 209.0983; found, 209.0987. 

2.5.3 Synthesis of N-(9-FluorenylmethyloxycarbonylJ-(2S, 4R)-4-methylproline (2.4) 

Boc-mep-OH (2.3) (0.88 g, 3.8 mmo1) was dissolved in 4 N HCI in dioxane (20 mL) under 

Ar(g) and stirred for 1.5 h. The resulting solution was concentrated under reduced pressure and 

the residue dissolved in dioxane and concentrated under reduced pressure again. The resulting 

chloride salt was dissolved in 10% w/v NaHC03(aq) (55 mL), and a solution of Fmoc-OSu (1.41 

g, 4.2 mmol) in dioxane (18 mL) was added. Additional dioxane (40 mL) was added, and the 

resulting white suspension stirred for 27 h. The dioxane was removed under reduced pressure 

and the aqueous solution was diluted with water (100 mL) and washed with ether (4 x 60 mL). 

The aqueous layer was acidified to pH 1.5 with 2 M HCI, extracted with EtOAc (4 x 160 mL), 

dried over anhydrous MgS04( s), and concentrated under reduced pressure to afford compound 

2.4 (1.11 g, 3.2 mmol, 87%) as a white solid. I H NMR b: 1.04 and 1.08 (d, J = 6.5, 3H), 1.73-

1.94 (m, 1H), 2.11-2.20 and 2.31-2.50 (m, 2H), 2.97-3.05 (m, 1H), 3.68-3.79 (m, 1H), 4.11-

4.52 (m, 4H), 7.24-7.45 (m, 4H), 7.51-7.63 (m, 2H), 7.68-7.81 (m, 2H), 8.74-10.56 (bs, 1H); 

I3C NMR b: 17.3,31.2,32.4,36.7,38.7,47.1,47.3,53.6,53.8,58.9, 59.8, 66.0, 67.5, 68.2, 

120.1, 120.2, 125.0, 125.2, 125.2, 127.2, 127.2, 127.8, 127.9, 141.5, 143.8, 143.9, 156.4, 175.3, 

177.8; ESI-MS (mlz): [M - Hr calcd for C2IH20N04Na, 350.1; found, 350.6. 
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2.5.4 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4R)-4-methylprolyl-(2S)-prolylglycine 

Benzyl Ester (2.6) 

Boc-ProGly-OBn (2.S) (1.34 g, 3.8 mmol) was dissolved in 4 N HCI in dioxane (27 mL) 

under Ar(g) and stirred for 1.4 h. The resulting solution was concentrated under reduced pressure 

and the residue was dissolved in anhydrous CH2Ch (30 mL) and cooled to 0 0c. Fmoc-mep-OH 

(2.3) (430 mg, 1.3 mmol) was added to the solution, followed by PyBroP (606 mg, 1.3 mmol) 

and DIEA (1.26 g, 9.8 mmol). The reaction mixture was allowed to warm slowly to rt, stirred for 

36 h, and then washed with 10% w/v citric acid(aq) (100 mL), NaHC03(aq) (100 mL), water 

(100 mL), and brine (100 mL), dried over anhydrous MgS04(s), and concentrated under reduced 

pressure. The crude product was purified by flash chromatography (gradient: 100% hexane to 

100% EtOAc) to afford compound 2.6 (442 mg, 0.7 mmol, 57%) as a white solid containing an 

unidentified impurity which was removed after the succeeding step. ESI-EMM (mlz): [M + Nat 

calcd for C3sH37N306Na, 618.2580; found, 618.2594. 

2.5.5 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S, 4 R)-4-methylprolyl-(2S)-prolylglycine 

(2.7) 

MeOH (50 mL) was added carefully to a mixture of Fmoc-mepProGly-OBn (2.6) (420 mg, 

0.7 mmol) and Pd/C (10% w/w, 90 mg, 0.1 mmol) under Ar(g), and the resulting black 

suspension was stirred under H2(g) for 5 h. Careful monitoring by TLC was necessary to prevent 

hydrogenolysis of the Fmoc group. The suspension was filtered through a pad of Ce1ite® and 

concentrated under reduced pressure. The crude product was purified by flash chromatography 

(EtOAc to elute byproducts, then 25% v/v MeOH in CH2Ch with 0.1 % formic acid). The 
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fractions containing 2.7 were concentrated under reduced pressure, and the formic acid was 

removed by dissolving the residue in 10% v/v MeOH in toluene and concentrating under reduced 

pressure to afford compound 2.7 (300 mg, 0.6 mmol, 84%) as a white solid. The purity of 2.7 

was determined to be >90% by analytical HPLC (gradient: 15% B to 85% B over 50 min). A 

small sample was purified further by semi-preparative HPLC for use in NMR experiments. IH 

NMR (spectrum obtained at 343 Kin DMSO-d6) £5: 1.06-0.93 (m, 3H), 1.7-2.47 (m, 7H), 2.81-

3.75 (m, 6H), 4.11-4.58 (m, 5H), 7.26-7.46 (m, 4H), 7.50-7.92 (m, 5H); J3C NMR (DMSO-d6) 

£5: 17.4, 17.5,24.3,24.3,28.9,29.0,30.0,31.3,36.3,37.2, 46.1, 46.5, 46.6, 46.9, 53.1, 53.7, 57.6, 

58.0,59.1,59.2,66.0,66.5,120.0,120.1,124.8, 124.9, 125.1, 127.1, 127.2, 127.6, 127.7, 140.7, 

143.9, 144.0, 153.6, 153.8, 158.1, 158.4, 158.8, 169.9, 170.0, 171.2, 171.8, 172.0; ESI-EMM 

(m/z): [M + Nat caled for C2sH31N306Na, 528.2111; found, 528.2108. 

2.5.6 Synthesis ofN-tert-Butyloxycarbonyl-(2S,4S)-2-hydroxymethyl-4-methylpyrrolidine (2.9) 

Following the method of Del Valle and Goodman,l92 a 0.1 M solution of compound 2.8 (9.78 

g, 29.8 mmol) in MeOH was prepared. Raney-nickel (~1.00 g) that had been washed repeatedly 

with MeOH was added to the solution, and the flask was flushed repeatedly with H2(g). The 

solution was stirred under H2(g) for 30 h and then filtered through a Celite pad. (Caution: Do 

not allow the filter cake to dry during filtration as Raney-nickel can rapidly ignite.) The resulting 

solution was concentrated under reduced pressure and then dissolved in 0.5 M TBAF in THF 

(120 mL). After stirring for 15 h, the solution was concentrated under reduced pressure. The 

synthetic procedure was expected to yield both 2.9 and its trans diastereomer in a 3: 1 ratio. 192 

The major diastereomer 2.9 was purified by flash chromatography (7% v/v EtOAc in hexane). 

Compound 2.9 was obtained (3.82 g, 17.7 mmol, 59% (2 steps)) as a colorless oil. The ratio of 
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2.9 to its 4R-diastereomer was determined to be >30:1 by gas chromatography with a Supelco p-

Dex-250 chiral column (17 m) and N2(g) as the carrier at a column temperature of 110°C. IH 

NMR £5: 1.02 (d, J 6.1, 3H), 1.08 (m, 1H), 1.47 (s, 9H), 2.04-2.21 (m, 2H), 2.77 (t, J = 10.1, 1H), 

3.53-3.73 (m, 4H), 3.82-3.98 (m, 1H), 5.33 (m, 0.7H); I3C NMR J: 17.0,28.5,28.7, 37.5, 54.5, 

55.0,61.6,67.9,80.4,157.1; ESI-MS (mlz): [M + Nat calcd for CIIH2IN03Na, 238.1; found, 

238.3. 

2.5.7 Synthesis ofN-tert-Butyloxycarbonyl-(2S,4S)-4-methylproline (2.10) 

Following the method of Del Valle and Goodman,192 three solutions were prepared prior to 

the oxidation. The first solution consisted of NaCI02 (1.33 g, 14.7 mmol) in water (7.4 mL). The 

second solution consisted of bleach ( 436 ilL) in water (7.4 mL). The third solution consisted of 

compound 2.9 (1.60 g, 7.4 mmol) dissolved in 100 mL of 3:2 CH3CN:NaH2P04 buffer (pH 6.6, 

0.67 M). The solution containing 2.9 was heated to 45°C, and TEMPO (193 mg, 0.7 mmol) was 

added. The two oxidant solutions were added simultaneously in 618 ilL portions over 1 h, and 

the resulting solution was stirred at 40°C for 18 h. After cooling to rt, the reaction was quenched 

by dropwise addition of saturated Na2S03(aq) until the solution became colorless. The CH3CN 

was removed under reduced pressure, and the pH of the resulting aqueous solution adjusted to 

pH 10 with 1 M NaOH(aq). The basic solution was washed with ether (5 x 125 mL) and then 

acidified to pH 2 with 2 M HCI(aq). The acidic solution was extracted with ether (4 x 200 mL), 

and the organic layer was dried over anhydrous MgS04(S) and concentrated under reduced 

pressure to afford 2.10 (1.60 g, 7.0 mmol, 94%) as a white solid. IH NMR J: 1.09 (d, J = 6.0, 

3H), 1.44 and 1.50 (s, 9H), 1.58-1.70 and 1.88-2.00 (m, 1H), 2.21-2.31 (m, 1H), 2.31-2.52 (m, 

1H), 2.89-3.04 (m, 1H), 3.67-3.82 (m, 1H), 4.20-4.38 (2m, 1H), 8.69 (bs, 1H); I3C NMR J: 
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16.9, 17.2,28.2,28.3,32.7,36.4,38.8,53.3, 54.l, 59.4, 59.5, 80.4, 81.6, 159.4, 162.1, 174.9, 

179.6; ESI-MS (mlz): [M - Hr calcd for CIIHI8N04, 228.l; found, 228.4. 

2.5.8 Synthesis ofN-(2-J3CH3-Acetyl)-(2S,4S)-4-methylproline methyl ester (2.1) 

Following the method of Nudelman et aI, Boc-Mep-OH (2.10) (100 mg, 0.44 mmol) was 

dissolved in anhydrous MeOH (10 mL), and the resulting solution was cooled to 0 DC. Acetyl 

chloride (11.80 g, 150 mmo1) was added dropwise and the reaction mixture was allowed to warm 

slowly to rt and stirred for 10 h. The resulting solution was concentrated under reduced pressure 

and the residue dissolved in anhydrous CH2Ch (15 mL). N,N-4-Dimethylaminopyridine (450 

mg, 3.7 mmol) was added, followed by the dropwise addition of H3
13CC(O)Cl (99 mg, 1.2 

mmol). The reaction mixture was stirred for 9 h. Additional unlabeled acetyl chloride was added 

to ensure complete reaction, followed by MeOH (10 mL) to quench the reaction. The resulting 

solution was concentrated under reduced pressure, and the residue was dissolved in 10% w/v 

aqueous citric acid, extracted with CH2Ch (2 x 40 mL), dried over anhydrous MgS04(S), and 

concentrated under reduced pressure. The crude product was purified by flash chromatography 

(50% v/v EtOAc in hexane to elute byproducts followed by 6% v/v MeOH in EtOAc) to afford 

Ac-Mep-OMe (2.1) (40 mg, 0.21 mmol, 52%) as a yellow oil. IH NMR <5: 1.06 and 1.10 (2 d, J= 

6.4, 3H), 1.56 (q, J = 10.5, 1H), 2.09 (d, Jc-H = 128, 3H), 2.28-2.46 (m, 2H), 3.18 (t, J = 9.8, 

1H), 3.69 (m, 1H), 3.74 and 3.78 (2 s, 3H), 4.36 (t, J = 8.4, 1H); I3C NMR <5: 17.0, 21.8, 22.4, 

33.9,37.6,52.3,55.1,59.3, 168.9, 169.4, 173.l, 173.2; ESI-EMM (mlz): [M + Nat calcd for 

2.5.9 Synthesis ofN-tert-Butyloxycarbonyl(2S,4S)-4-methylprolylglycine Benzyl Ester (2.11) 
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Boc-Mep-OH (2.10) (1.6 g, 7.0 mmol), glycine benzyl ester tosylate (3.07 g, 9.1 mmol), and 

PyBOP (3.64 g, 7.0 mmol) were dissolved in anhydrous CH2Clz (80 mL). DIEA (2.26 g, 17.5 

mmol) was added, and the resulting solution was stirred for 27 h under Ar(g). The reaction 

mixture was washed with 10% w/v citric acid(aq) (3 x 50 mL), NaHC03(aq) (3 x 50 mL), water 

(50 mL), and brine (50 mL), dried over anhydrous MgS04(S), and concentrated under reduced 

pressure. The crude oil was purified by flash chromatography (1: 1 EtOAc:hexane) to afford 

compound 11 (2.13 g, 5.9 mmol, 84%) as a colorless, sticky liquid. IH NMR £5: 1.03 and 1.04 (d, 

J = 3.2, 3H), 1.44 (bs, 9H), 1.55-2.50 (m, 3H), 2.90 (t, J = 9.8, 1H), 3.65-3.94 (m, 1H), 4.01-

4.34 (m, 3H), 5.18 (s, 2H), 6.45 and 7.10 (bs, 1H), 7.36 (m, 5H); I3C NMR £5: 17.3,28.4,32.8, 

36.7, 39.5, 41.3, 54.3, 60.7, 62.1, 67.2, 80.7, 128.5, 128.6, 128.8, 135.3, 154.5, 154.7, 169.7, 

172.8, 173.2; ESI-EMM (m/z): [M + Nat calcd for C2oH2SN20sNa, 399.1896; found, 399.1897. 

2.5.10 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S)-prolyl-(2S, 4S)-4-methylprolylglycine 

Benzyl Ester (2.12) 

Boc-MepGly-OBn (2.11) (1.18 g, 3.3 mmol) was dissolved in 4 N HCI in dioxane (30 mL) 

under Ar(g) and stirred for 2.5 h. The resulting solution was concentrated under reduced pressure 

and the residue dissolved in anhydrous DMF (50 mL). DIEA (1.60 g, 12.2 mmol) was added, 

followed by Fmoc-Pro-OPfp (3.52 g, 7.0 mmol), and additional anhydrous DMF (20 mL). The 

solution was stirred for 48 h and then concentrated by rotary evaporation under high vacuum. 

Flash chromatography (gradient: 25% v/v EtOAc in hexane to 95% v/v EtOAc in hexane) 

afforded compound 2.12 (800 mg, 1.3 mmol, 40%) as a white solid containing a slight impurity 

that was removed in the succeeding step. ESI-EMM (m/z): [M + Nat calcd for C3sH37N306Na, 

618.2580; found, 618.2558. 
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2.5.11 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S)-prolyl-(2S,4S)-4-methylprolylglycine 

(2.13) 

MeOH (130 mL) was added carefully to a mixture of Fmoc-ProMepGly-OBn (2.12) (800 

mg, 1.3 mmol) and PdlC (10% w/w, 160 mg, 0.2 mmol) under Ar(g), and the resulting black 

suspension was stirred under H2(g) for 2 h. Careful monitoring by TLC was necessary to prevent 

hydrogenolysis of the Fmoc group. The suspension was filtered through a pad of Celite® and 

concentrated under reduced pressure. The crude product was purified by flash chromatography 

(EtOAc to elute byproducts, then 12% v/v MeOH in CH2Ch containing 0.1 % v/v formic acid). 

The fractions containing 2.13 were concentrated under reduced pressure and the formic acid was 

removed by dissolving the residue in 10% v/v MeOH in toluene and concentrating under reduced 

pressure to afford compound 2.13 (500 mg, 1.0 mmol, 73%) as a white solid. The purity of 2.13 

was determined to be >90% by analytical HPLC (gradient: 15% B to 85% B over 50 min). IH 

NMR (spectrum obtained at 343 K in DMSO-d6) c>: 1.02 (d, J = 6.5, 3H), 1.37-1.49 (m, 1H). 

1.70-2.00 (m, 3H), 2.06-2.27 (m, 3H), 2.87-3.46 (m, 3H), 3.74--4.02 (m, 3H), 4.11-4.57 (m, 

5H), 7.29-7.47 (m, 4H), 7.52-7.70 (m, 2H), 7.76-7.84 (m, 1H), 7.84-7.91 (m, 2H); 13C NMR 

(DMSO-d6) c>: 16.8, 22.6, 23.7, 28.5, 29.3, 33.3, 33.4, 37.0, 37.1, 40.7, 46.2, 46.6, 46.8, 46.9, 

53.6, 53.8, 57.6, 58.0, 59.8, 59.9,66.3,66.5, 120.1, 120.2, 125.0, 125.1, 125.1, 125.3, 127.1, 

127.1,127.2,127.3,127.7,140.7,140.7,143.8,143.9, 144.0,153.8,153.8,169.5,169.6,171.2, 

171.7, 171.7; ESI-EMM (m/z): [M - Hr calcd for C28H30N306, 504.2135; found, 504.2121. 

2.5.12 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4R)-4-methylprolyl-(2S,4S)-4-

methylprolylglycine Benzyl Ester (2.14) 
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Boc-MepGly-OBn 2.11 (980 mg, 2.7 mmol) was dissolved in 4 N HCl in dioxane (30 mL) 

under Ar(g) and stirred for 1.7 h. The reaction mixture was concentrated under reduced pressure 

and the residue was dissolved in anhydrous CH2Clz (80 mL) and cooled to 0 °C. Fmoc-mep-OH 

(2.4) (430 mg, 1.3 mmol) was added to the solution, followed by PyBroP (653 mg, 1.4 mmol) 

and DIEA (1.00 g, 7.8 mmol). The resulting solution was allowed to warm slowly to room 

temperature and then stirred for 40 h. The reaction mixture was diluted with CH2Clz (125 mL), 

washed with 10% w/v citric acid(aq) (100 mL), NaHC03(aq) (100 mL), water (100 mL), and 

brine (100 mL), dried over anhydrous MgS04(s), and concentrated under reduced pressure. Flash 

chromatography (gradient: 35% v/v EtOAc in hexane to 90% v/v EtOAc in hexane) afforded 

compound 2.14 (520 mg, 0.9 mmol, 66%) as a white solid containing a slight impurity that was 

removed in the succeeding step. ESI-EMM (mlz): [M + Nat calcd for C36H39N306Na, 632.2737; 

found,632.2712. 

2.5.13 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4R)-4-methylprolyl-(2S,4S)-4-

methylprolylglycine (2.15) 

MeOH (60 mL) was added carefully to a mixture of Fmoc-mepMepGly-OBn (2.14) (520 mg, 

0.9 mmol) and PdlC (10% w/w, 160 mg, 0.2 mmol) under Ar(g), and the resulting black 

suspension was stirred under a hydrogen atmosphere for 2.5 h. Careful monitoring by TLC was 

necessary to prevent hydrogenolysis of the Fmoc group. The suspension was filtered through a 

pad of Celite® and concentrated under reduced pressure. The crude product was purified by flash 

chromatography (EtOAc to elute byproducts, then 12% v/v MeOH in CH2Clz with 0.1 % formic 

acid). The fractions containing 2.15 were concentrated under reduced pressure, and the formic 

acid was removed by dissolving the residue in 10% v/v MeOH in toluene and concentrating 
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under reduced pressure to afford compound 2.15 (315 mg,0.6 mmol, 66%) as a white solid. The 

purity of 2.15 was determined to be >90% by analytical HPLC (gradient 15% B to 85% B over 

50 min). lH NMR (DMSO-d6) c>: 0.9-1.05 (m, 6H), 1.29-1.41 (m, 1H), 1.69-1.82 (m, 1H), 1.94-

2.39 (m, 4H), 2.81-3.00 (m, 2H), 3.46-4.61 (m, 9H), 7.29-7.45 (m, 4H), 7.50-7.69 (m, 2H), 

7.86-7.94 (m, 2H), 8.05-8.16 (m, 1H); l3C NMR (DMSO-d6) c>: 16.7, 17.4, 17.5,30.0,31.2, 

31.8,33.3,33.4,36.2,36.9,37.0,40.5,46.6,46.9,53.0, 53.5, 53.8, 57.9, 58.1, 59.7, 59.8, 66.2, 

66.4, 120.0, 120.1, 124.9, 125.0, 125.1, 127.0, 127.2, 127.6, 140.7, 143.8, 143.9, 144.1, 153.8, 

153.9, 169.4,171.2, 171.7, 171.9. ESI-EMM (mlz): [M - Hf calcd for C29H33N306, 518.2291; 

found, 518.2307. 

2.5.14 Measurement ofKtranslcis Values of Compounds 2.1 and 2.2 

Each compound (5-10 mg) was dissolved in D20 with enough CD30D added to solubilize 

the compound (less than 20% of total volume). The l3C NMR spectra were recorded using an 

inverse gated decoupling pulse program with a relaxation delay of 100 s and a pulse width of 10 

Ils. The spectral baselines were corrected and peaks corresponding to the labeled carbon were 

integrated with the software package NUTS. 195 Values of Ktrans/cis were determined by the relative 

areas of the trans and cis peaks for the labeled carbons. 

2.5.15 Attachment of Fmoc-mepProGly-OH (2. 7) to 2-Chlorotrityl Resin 

Under Ar(g), 33 mg (0.053 mmol) of 2-chlorotrityl resin (loading: 1.6 mmol/g) was swelled 

in anhydrous CH2Ch (0.7 mL) for 5 min. A solution of compound 2.7 (25 mg, 0.050 mmol) and 

DIEA (26 mg, 0.20 mmol) in anhydrous CH2Ch (0.7 mL) was added by syringe. Additional 

anhydrous CH2Ch (0.5 mL) was used to ensure complete transfer of 2.7. After 2 h, anhydrous 
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MeOH (0.2 mL) was added to cap any remaining active sites on the resin. The resin-bound 

peptide was isolated by gravity filtration, washed with several portions of anhydrous CH2Ch 

(~25 mL), and dried under high vacuum. The mass of the resin-bound peptide was 57 mg. 

Loading was measured by ultraviolet spectroscopyl96 to be 0.69 mmollg. 

2.5.16 Attachment of Fmoc-ProMepGly-OH (2.13) and Fmoc-mepMepGly-OH (2.15) to 

2-Chlorotrityl Resin 

Fmoc-tripeptides 2.13 and 2.15 were loaded onto 2-chlorotrityl resin in similar fashion to that 

described for 2.7. Loadings were measured by ultraviolet spectroscopyl96 to be 0.56 mmol/g for 

2.13 and 0.60 mmol/g for 2.15. 

2.5.17 Synthesis of(mepProGlyh, (ProMepGlyh, and (mepMepGlYh 

The three 21-mer peptides were synthesized by segment condensation of their corresponding 

Fmoc-tripeptides (2.7, 2.13, and 2.15) on solid phase using an Applied Biosystems Synergy 

432A Peptide Synthesizer at the University of Wisonsin-Madison Biotechnology Center. The 

first trimer was loaded onto the resin as described above. Fmoc-deprotection was achieved by 

treatment with 20% (v/v) piperidine in DMF. The trimers (3 equivalents) were converted to 

active esters by treatment with HBTU, DIEA, and HOBt. Extended couplings (120-200 min) 

were employed at rt. 

Peptides were cleaved from the resin in 95:3:2 TFA:TIPS:H20 (l.5 mL), precipitated from t-

butylmethylether at 0 °C, and isolated by centrifugation. Semi-preparative HPLC was used to 

purify the peptides (mepProGlY)7 (gradient: 10% B to 40% B over 50 min), (ProMepGlY)7 

(gradient: 15% B to 50% B over 50 min), and (mepMepGlY)7 (gradient: 15% B to 60% B over 
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60 min). All three peptides were >90% pure by analytical HPLC and MALDI-TOF mass 

spectrometry (mlz) [M + Ht calcd for C9IHJ36N21022 1876.2, found 1875.6 for (mepProG1Y)7, 

1875.4 for (ProMepG1Y)7; calcd for C9sH150N21022 1974.4, found 1973.7 for (mepMepG1Y)7. 

2.5.18 Circular Dichroism Spectroscopy of(mepProGlyh (ProMepGlyh, and (mepMepGlYh 

Peptides were dried under vacuum for at least 24 h before being weighed and dissolved to 0.2 

mM in 50 mM acetic acid (pH 2.9). The solutions were incubated at :S4 °C for 224 h before CD 

spectra were acquired using an Aviv 202SF spectrometer at the UW-BIF. Spectra were measured 

with a I-nm band-pass in cuvettes with a O.l-cm pathlength. The signal was averaged for 3 sec 

during wavelength scans and either 5 or 15 sec during denaturation experiments. During 

denaturation experiments, CD spectra were acquired at intervals of l_oC for (mepProG1Y)7 and 3-

°C for (ProMepGlyh and (mepMepGlyh. At each temperature, solutions were equilibrated for a 

minimum of 5 min before data acquisition. Values of Tm were determined by fitting molar 

ellipticity at 225 nm (for (ProMepGlyh and (mepMepG1Yh) or 227 nm (for (mepProGlyh) to a 

two-state model. 197 T m values were determined in triplicate. 

2.5.19 Circular Dichroism Spectroscopy of (mepProGlyh in Solutions Containing 

Trimethylamine-N-Oxide 

(mepProGlyh was dried under vacuum for 24 h before being weighed and dissolved to 0.2 

mM in solutions of 50 mM acetic acid containing 1.5, 2.0, 2.5, or 3.0 M TMAO, respectively. 

(Solution pH was corrected to pH = 2.9 by addition of concentrated HCl.) Solutions were 

incubated at :S4 °C for 224 h before CD spectra were recorded using the methods described in 

the previous section. Figures 2.4A and 2.4B show the CD spectra and the thermal melts for each 
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solution. The CD spectra show the characteristic maximum at ~227 nm seen for all triple 

helices, and cooperative transitions were observed during all three thermal melts. Figure 2.4C is 

a plot of Tm values for a (mepProG1Y)7 CTH versus TMAO concentration. Linear regression and 

extrapolation to 0 M TMAO predicts a Tm value of 17.7 °C for a (mepProG1Y)7 CTH, which is 

similar to the Tm value of 13°C determined by direct measurement (Figure 2.2B and Table 2.1). 

2.5.20 Sedimentation Equilibrium Experiments on (mepProGlyh, (ProMepGlyh, and 

(mepMepGlYh 

Sedimentation equilibrium experiments were performed with a Beckman XL-A Analytical 

Ultracentrifuge at the UW-BIF. Samples were diluted to approximately 0.1 mM in 50 mM 

potassium phosphate buffer (pH 3) and equilibrated at ::::;4 °C for 224 h. Equilibrium data were 

collected at multiple speeds at both 4 and 37°C. Gradients were monitored at 230 nm. Solvent 

densities of 1.00494 and 0.99800 g/mL at 4 and 37°C, respectively, were measured by an Anton 

Paar DMA5000 density meter. Partial specific volumes (PSVs) for (mepProG1Y)7, (ProMepG1Y)7 

and (mepMepG1Y)7 were calculated based on amino acid content accounting for the presence of 

methyl functionalities,198 and corrected for the monomer molecular weights determined by 

sedimentation equilibrium experiments at 37°C. A PSV of 0.781 cm3/g was used for 

(mepProG1Y)7 and (ProMepG1Y)7 and a PSV of 0.770 cm3/g was used for (mepMepG1Y)7. Data 

were analyzed with programs written for IgorPro (Wavemetrics) by Dr. Darrell R. McCaslin 

(UW-BIF). 

A log plot of absorbance versus the square of the distance from the center of rotation is 

shown in Figure 2.5. The slope at any point is proportional to the weight-averaged molecular 
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weight, provided that the extinction coefficients per unit mass of assembled and monomeric 

peptides are equivalent. Curvature in such plots demonstrates the presence of multiple species. 

Sedimentation equilibrium results at 37°C are consistent with a single monomeric species 

for (mepProGlyh, (ProMepGlyh, and (mepMepGlY)7' as shown in Figure 2.5. At 4°C, the 

dramatic change in gradient for (ProMepGlY)7 and (mepMepGlY)7 is consistent with the 

assembly of these species into a CTH. The fit shown at 4 °C for these two peptides (Figure 2.5) 

is based on a mixture of monomer and trimer. The data at 4°C for (mepProGlY)7 indicates some 

assembly for this peptide at low temperature, but to a much lesser extent than is observed for the 

other two peptides. The fit shown in Figure 2.5 for (mepProGlY)7 at 4 °C is for a mixture of 

monomer and trimer. 

2.5.21 Computations 

The conformational preferences of 4-methylprolines were examined by hybrid DFT as 

implemented in Gaussian 98. 199 N-Acetyl-4-methylproline methyl esters (2.1) and (2.2) were 

used as model compounds in this study. Geometry optimizations and frequency calculations at 
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Figure 2.5 Sedimentation equilibrium data for (ProMepGlY)7, (mepProGlY)7, and 
(mepMepGly)7 at a rotor speed of 50,000 rpm. Equilibrium data were collected at 4 °C 
(filled squares) and 37°C (open squares). Gradients were monitored at 230 nm. Best fits 
shown are for solutions containing both trimer and some monomer at 4°C, and for solutions 
containing only monomer at 37°C. 
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the B3L YP/6-31 +G* level of theory were perfonned on both the endo and exo confonners of 

Ac-mep-OMe (2.2) and Ac-Mep-OMe (2.1), which were held in the trans (co = 180°) 

confonnation. Frequency calculations of the optimized structures yielded no imaginary 

frequencies, indicating a true stationary point on the potential energy surface. Single-point 

energy calculations at the B3LYP/6-311+G(2d,p) level of theory were perfonned on the 

optimized structures. The resulting self-consistent field (SCF) energies were corrected by the 

zero-point vibrational energy (ZPVE) detennined in the frequency calculations, and are listed in 

Table 2.2. 

Table 2.2 SCF Energies (atomic units; au) of Ac-Yaa-OMe Calculated with B3LYP at 6-
311 +G(2d,p) 

Conformer Energy ZPVE 
Energy 

(ZPVE-corrected) 

mep CY-endo -632.642027277 0.238638 -632.4033893 

mep CY-exo -632.640078157 0.238851 -632.4012272 

Mep CY-endo -632.639069142 0.238857 -632.4002121 

Mep CY-exo -632.641497308 0.238639 -632.4028583 

2.5.22 Structure Determination of Ac-Mep-OMe (2.1) 

[13CH3]Ac-Mep-OMe (2.1) (15 mg), was dissolved in EtOAc (l.5 mL) and the solution was 

allowed to stand at -20°C in a loosely capped vial. Slow evaporation afforded crystals suitable 

for X-ray analysis after ~1 month. A colorless crystal with approximate dimensions 0.41 x 0.36 

x 0.29 mm3 was selected under oil under ambient conditions and attached to the tip of a nylon 

loop. The crystal was mounted in a stream of cold N2(g) at 100(2) K and centered in the X-ray 

beam by using a video camera. The crystal evaluation and data collection were perfonned on a 

Bruker CCD-IOOO diffractometer with Mo Ku (A = 0.71073 A) radiation and the diffractometer to 

crystal distance of 4.7 cm. 
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The initial cell constants were obtained from three series of (j) scans at different starting 

angles. Each series consisted of 20 frames collected at intervals of 0.3° in a 6° range about OJ 

with the exposure time of 10 s per frame. A total of 52 reflections were obtained. The reflections 

were successfully indexed by an automated indexing routine built in the SMART program. The 

final cell constants were calculated from a set of 5781 strong reflections from the actual data 

collection. 

The data were collected by usmg the full sphere data collection routine to survey the 

reciprocal space to the extent ofa full sphere to a resolution of 0.80 A. A total of 6859 data were 

harvested by collecting four sets of frames with 0.36° scans in (j) and one set with 0.45° scans in 

qJ with an exposure time of 20 s per frame. These highly redundant datasets were corrected for 

Lorentz and polarization effects. The absorption correction was based on fitting a function to the 

empirical transmission surface as sampled by multiple equivalent measurements. 

The systematic absences in the diffraction data were uniquely consistent for the space group 

P2)2)2) that yielded chemically reasonable and computationally stable results ofrefinement.2oo A 

successful solution by the direct methods provided most non-hydrogen atoms from the E-map. 

The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles 

and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic 

displacement coefficients. All hydrogen atoms were included in the structure factor calculation at 

idealized positions and were allowed to ride on the neighboring atoms with relative isotropic 

displacement coefficients. 

The final least-squares refinement of 122 parameters against 1750 data resulted in residuals R 

(based on F2 for l?:.2(J) and wR (based on F2 for all data) of 0.0779 and 0.2120, respectively. The 

final difference Fourier map was featureless. 



Table 2.3 Crystal Data and Structure Refinement for Crystalline Ac-Mep-OMe (2.1) 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to ()= 24.99° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data 1 restraints 1 parameters 
Goodness-of-fit on J12 
Final R indices [I> 20(1)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 

C9 HJsNO) 
185.22 
100(2) K 
0.71073 A 
Orthorhombic 
P2J2J2J 
a = 5.990(2) A 
b = 6.457(3) A 
c = 25.735(10) A 
995.3(7) A3 
4 
1.236 Mg/m3 
0.092 mm- J 

400 
0.41 x 0.36 x 0.29 mm3 

1.58 to 24.99° 

a= 90° 
/3= 90° 
y= 90° 

-7 ":S.h":S. 7,-7 ":S.k":S.7,-30":S. I ":S.30 
6859 
1750 [R(int) = 0.0431] 
99.3% 
Multi-scan with SADABS 
0.9737 and 0.9631 
Full-matrix least-squares on J12 
175010/122 
1.278 
Rl = 0.0779, wR2 = 0.2025 
Rl = 0.0806, wR2 = 0.2120 
N/A 
0.590 and -0.393 e.A-3 
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Table 2.4 Atomic Coordinates (x 104

) and Equivalent Isotropic Displacement 
Parameters (A 2 x 103

) for Crystalline Ac-Mep-OMe (2.1) 

x y z V(eq) 

0(1) -1297(6) 3192(6) 1950(2) 22(1) 
0(2) 42(6) 3529(6) 718(2) 25(1) 
0(3) -3225(6) 5267(6) 707(2) 22(1) 
N(1) 1062(7) 5651(6) 1673(2) 16(1) 
C(1) 3050(9) 6977(8) 1717(2) 18(1 ) 
C(2) 2334(9) 8988(8) 1469(2) 17(1) 
C(3) 735(9) 8287(9) 1043(2) 21(1) 
C(4) -537(8) 6459(7) 1292(2) 14(1) 
C(5) 515(9) 4058(8) 1987(2) 17(1) 
C(6) 2297(9) 3423(8) 2376(2) 19(1) 
C(7) 4252(9) 10340(8) 1270(2) 22(1) 
C(8) -1180(8) 4853(8) 888(2) 15(1 ) 
C(9) -3915(9) 4016(9) 269(2) 24(1) 

a V( eq) is defined as one-third of the trace of the orthogonalized Vi} tensor. 



Table 2.5 Bond Lengths [A] and Angles [0] 
for Crystalline Ac-Mep-OMe (2.1) 

O(1)-C(5) 
O(2)-C(8) 
O(3)-C(8) 
O(3)-C(9) 
N(l)-C(5) 
N(l)-C(4) 
N(l)-C(l) 
C(1)-C(2) 
C(l)-H(lA) 
C(l)-H(lB) 
C(2)-C(3) 
C(2)-C(7) 
C(2)-H(2) 
C(3)-C(4) 
C(3)-H(3A) 
C(3)-H(3B) 
C(4)-C(8) 
C(4)-H(4) 
C(5)-C(6) 
C(6)-H(6A) 
C(6)-H(6B) 
C(6)-H(6C) 
C(7)-H(7A) 
C(7)-H(7B) 
C(7)-H(7C) 
C(9)-H(9A) 
C(9)-H(9B) 
C(9)-H(9C) 
C(8)-O(3)-C(9) 
C(5)-N(l)-C(4) 
C(5)-N(l )-C(1) 
C(4)-N(1)-C(1) 
N (l )-C( 1 )-C(2) 
N(l)-C(l)-H(lA) 
C(2)-C(1)-H(lA) 
N(l )-C( 1 )-H( lB) 
C(2)-C(1)-H(lB) 
H(lA)-C(l)-H(lB) 
C( 1 )-C(2)-C(3) 
C( 1 )-C(2)-C(7) 
C(3)-C(2)-C(7) 
C( 1 )-C(2)-H(2) 
C(3)-C(2)-H(2) 
C(7)-C(2)-H(2) 
C(2)-C(3)-C(4) 
C(2)-C(3)-H(3A) 
C( 4)-C(3)-H(3A) 
C(2)-C(3)-H(3B) 
C(4)-C(3)-H(3B) 
H(3A)-C(3)-H(3B) 
N(l)-C(4)-C(8) 

1.225(6) 
1.208(6) 
1.338(6) 
1.447(6) 
1.347(7) 
1.466(6) 
1.471(6) 
1.509(7) 
0.9900 
0.9900 
1.523(7) 
1.531(7) 
1.0000 
1.545(7) 
0.9900 
0.9900 
1.518(7) 
1.0000 
1.521(7) 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 

114.9(4) 
120.9(4) 
126.5(4) 
111.9(4) 
103.8(4) 
111.0 
111.0 
111.0 
111.0 
109.0 
103.l(4) 
114.7(4) 
113.6(4) 
108.4 
108.4 
108.4 
103.8(4) 
111.0 
111.0 
111.0 
111.0 
109.0 
112.4(4) 
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N(1)-C(4)-C(3) 
C(8)-C(4)-C(3) 
N(1)-C(4)-H(4) 
C(8)-C(4)-H(4) 
C(3)-C(4)-H(4) 
0(1 )-C(5)-N(1) 
0(1)-C(5)-C(6) 
N(1)-C(5)-C(6) 
C(5)-C(6)-H(6A) 
C(5)-C(6)-H(6B) 
H(6A)-C(6)-H(6B) 
C(5)-C(6)-H(6C) 
H(6A)-C(6)-H(6C) 
H(6B)-C(6)-H(6C) 
C(2)-C(7)-H(7 A) 
C(2)-C(7)-H(7B) 
H(7 A)-C(7)-H(7B) 
C(2)-C(7)-H(7C) 
H(7 A)-C(7)-H(7C) 
H(7B)-C(7)-H(7C) 
0(2)-C(8)-0(3) 
0(2)-C(8)-C( 4) 
0(3)-C(8)-C( 4) 
0(3)-C(9)-H(9A) 
0(3 )-C(9)-H(9B) 
H(9A)-C(9)-H(9B) 
0(3)-C(9)-H(9C) 
H(9A)-C(9)-H(9C) 
H(9B)-C(9)-H(9C) 

103.l(4) 
111.2(4) 
110.0 
110.0 
110.0 
12l.2(5) 
123.3(5) 
115.5(4) 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
124.7(5) 
125.3(4) 
109.5(4) 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
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Table 2.6 Anisotropic Displacement Parameters (A2 x 103

) for Crystalline Ac-Mep-OMe (2.1t 

U ll lJ22 lf33 lJ23 ul3 uI2 

0(1) 11(2) 16(2) 38(2) -1(2) -1(2) -2(2) 
0(2) 18(2) 21(2) 35(2) -10(2) -4(2) 9(2) 
0(3) 13(2) 23(2) 29(2) -5(2) -5(2) 6(2) 
N(1) 11(2) 11(2) 24(2) -2(2) -3(2) -1(2) 
C(1) 11(3) 15(3) 29(3) 5(2) -2(2) -2(2) 
C(2) 15(3) 9(2) 27(3) -1(2) 1(2) 0(2) 
C(3) 15(3) 17(3) 30(3) 2(2) -1(2) -1(2) 
C(4) 12(2) 6(2) 25(2) 1(2) -1(2) 0(2) 
C(5) 18(3) 9(2) 23(3) -2(2) 2(2) 2(2) 
C(6) 20(3) 12(3) 26(3) 4(2) -1(2) 0(2) 
C(7) 16(3) 10(2) 39(3) 2(2) 3(2) -5(2) 
C(8) 9(2) 12(2) 24(3) 4(2) -1(2) -2(2) 
C(9) 13(3) 29(3) 30(3) -2(2) -6(2) 0(3) 

"The anisotropic displacement factor exponent takes the fonn: _2p2[h2 a*2U ll + ... + 2 h k a* b* U12
]. 

Table 2.7 Hydrogen Coordinates (x 104
) and Isotropic Displacement 

Parameters (A2 x 103
) for Crystalline Ac-Mep-OMe (2.1) 

x y z U(eq) 

H(1A) 4332 6363 1529 22 
H(1B) 3469 7188 2085 22 
H(2) 1468 9803 1730 20 
H(3A) 1562 7833 730 25 
H(3B) -302 9416 945 25 
H(4) -1903 6978 1474 17 
H(6A) 2259 4365 2675 29 
H(6B) 3769 3491 2211 29 
H(6C) 2011 2004 2494 29 
H(7A) 5258 10672 1558 32 
H(7B) 3648 11623 1123 32 
H(7C) 5078 9588 1000 32 
H(9A) -3008 4371 -35 36 
H(9B) -5492 4283 193 36 
H(9C) -3712 2548 353 36 
H(16C) 4278 12159 9339 43 



Table 2.8 Torsion Angles [0] for Crystalline Ac-Mep-OMe (2.1) 

C(5)-N(l )-C(1 )-C(2) 
C( 4)-N(l )-C(1)-C(2) 
N(l )-C(1 )-C(2)-C(3) 
N (l )-C( 1 )-C(2)-C(7) 
C( 1 )-C(2)-C(3)-C( 4) 
C(7)-C(2)-C(3 )-C( 4) 
C(5)-N(l )-C(4)-C(8) 
C(1 )-N(l )-C(4)-C(8) 
C(5)-N(l )-C( 4 )-C(3) 
C( 1)-N (1 )-C( 4 )-C(3) 
C(2)-C(3)-C( 4)-N(l) 
C(2)-C(3 )-C( 4 )-C(8) 
C( 4)-N(l )-C(5)-O(l) 
C(l )-N(l )-C(5)-O(l) 
C(4)-N(l )-C(5)-C(6) 
C(1 )-N(l )-C(5)-C(6) 
C(9)-O(3)-C(8)-O(2) 
C(9)-O(3 )-C(8)-C( 4) 
N (1 )-C( 4 )-C(8)-O(2) 
C(3)-C( 4)-C(8)-O(2) 
N(l )-C( 4)-C(8)-O(3) 
C(3 )-C( 4 )-C(8)-O(3) 

-153.6(5) 
16.7(6) 

-33.3(5) 
-157.4(4) 

37.8(5) 
162.6(4) 
-62.4(6) 
126.7(4) 
177.7(4) 

6.8(5) 
-27.4(5) 

-148.l(4) 
2.7(7) 

172.1(5) 
-177.9(4) 

-8.5(7) 
-1.2(7) 

172.1(4) 
-34.0(7) 
81.0(6) 

152.8(4) 
-92.2(5) 
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100.6 MHz 13C NMR Spectrum of Compound 2.2 
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100,6 MHz 13C NMR Spectrum of Compound 2.10 
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100.6 MHz 13C NMR Spectrum of Compound 2.1 
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400 MHz 1 H NMR Spectrum of Compound 2.11 
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100.6 MHz 13C NMR Spectrum of Compound 2.11 
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100.6 MHz 13C NMR Spectrum of Compound 2.13 
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400 MHz 1H NMR Spectrum of Compound 2.15 
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CHAPTER 3* 

ORIGIN OF THE STABILITY CONFERRED UPON COLLAGEN BY FLUORINATION 

Abstract: According to a prevailing theory, (2S,4R)-4-hydroxyproline (Hyp) residues stabilize 

the collagen triple helix via a stereo electronic effect that preorganizes appropriate backbone 

torsion angles for triple-helix formation. This theory is consistent with the marked stability that 

results from replacing the hydroxyl group with the more electron-withdrawing flu oro group, as in 

(2S,4R)-4-fluoroproline (Flp). Nonetheless, the hyperstability of triple helices containing Flp has 

been attributed by others to a hydrophobic effect rather than a stereoelectronic effect. We tested 

this hypothesis by replacing Hyp with 4,4-difluoroproline (Dfp) in collagen-related polypeptides. 

Dfp retains the hydrophobicity of Flp, but lacks the ability of Flp to preorganize backbone 

torsion angles. 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. 

Author contributions: M. D. S. designed research and drafted the manuscript and figures. M. D. 

S. and K. 1. K. collaborated to synthesize small molecules and peptides, perform conformational 

and biophysical experiments, and analyze data. R. T. R. analyzed data and edited the manuscript 

and figures. 

*This chapter has been published, in part, under the same title. Reference: Shoulders, M. D.; 

Kamer, K. 1..; Raines, R. T. Bioorganic and Medicinal Chemistry Letters 2009, 19, 3859-3862. 
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3.1 Introduction 

Collagen is the principal structural protein in animals. Collagen is composed of a right-

handed triple helix formed from three parallel polyproline type-II helices. 1 The individual strands 

contain repeats of the sequence XaaYaaGly, where Xaa and Yaa are often (2S)-proline (Pro) and 

(2S,4R)-4-hydroxyproline (Hyp), respectively.34 The repetitive sequence, large size, and 

insolubility of native collagen has motivated the study of collagen triple-helix (CTH) structure 

and stability using short (:::;30 amino acid), triple-helical, collagen-related polypeptides (CRPs). 

Much of our current understanding of the CTH derives from such studies. 1 

Hyp is introduced in protocollagen strands by the post-translational hydroxylation of pro lines 

in the Yaa position. This modification provides dramatic conformational stability to triple-helical 

CRPs76
,77 and is essential for animallife.63-65 The underlying basis for the importance ofHyp for 

CTH stability remains controversial, despite extensive investigation. We have proposed that Hyp 

stabilizes collagen via a stereoelectronic effect-the gauche effect-which imposes a CY-exo ring 

pucker upon the pyrrolidine ring in Hyp and Flp residues (Figure 1).8,66,89,201 (The pyrrolidine 

ring of Pro actually prefers two distinct twist, rather than envelope, conformations. 14 As CY 

experiences a large out-of-plane displacement in these twisted rings, we refer to pyrrolidine ring 

conformations simply as "CY-exo"and "CY-endo".) Because the proline backbone torsion angles 

that accompany a CY-exo ring pucker are required in the Yaa position of CTHs, Hyp and Flp 

C'-endo pucker C"-exo pucker 

Figure 3.1 Ring conformations of Pro and its derivatives. The CY-endo:CY-exo ratio is ~2 
when Rl = R2 = H (Pro).8 The CY-exo conformation is favored strongly by stereoelectronic 
effects when RI = OH (Hyp) or F (Flp), R2 = H.14 
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could stabilize the CTH by preorganization of the appropriate backbone torsion angles for CTH 

formation. 1,66,98 Flp is more effective than Hyp at this preorganization because fluorine is more 

electronegative than oxygen. Later findings are in accord with these conclusions. For example, 

CRPs containing a diverse manifold of Pro derivatives with CY-exo pucker in the Yaa position 

are also hyperstable. 12,2o,69,202 

A stereoelectronic origin for collagen stability has, however, been questioned by 

others.72,93,96,203,2o4 In particular, Hyp and Flp have been proposed to impart stability by distinct 

means. Differential scanning calorimetry experiments show that the hyperstability of CTHs 

formed from (ProFlpGly)lO is dominated by entropic effects, whereas that of (ProHypGly)lO 

CTHs is dominated by enthalpic effects.72,96 Because the hydrophobic effect is manifested in 

entropy, Flp has been proposed to stabilize the CTH by the energetically favorable segregation of 

hydrophobic fluorine atoms205 from water upon CTH folding. (It is noteworthy, however, that 

CTH stabilization by preorganization would likewise arise from an entropic effect). 

The hydrophobic effect is a dominant force in the folding of globular proteins.206 Moreover, 

substantial precedence exists for enhancing protein stability by incorporating hydrophobic, 

fluorinated amino-acid residues within protein cores.207-211 The role for the hydrophobic effect in 

collagen stability is, however, minimized by collagen being a fibrous protein that lacks a 

substantive core. Indeed, earlier studies suggest that the hydrophobic effect is not important for 

CTH stability.212,213 Still, we sought to ascertain whether CTH stabilization by Flp is due to a 

hydrophobic effect or a stereoelectronic effect. We reasoned that (2S)-4,4-difluoroproline (Dfp; 

Figure 1 with Rl = R2 = F) would be useful in this regard, because Dfp would exhibit a similar 

hydrophobic effect but ambiguous stereoe1ectronic effects. 
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3.2 Results and Discussion 

First, we determined whether Dfp and Pro do indeed have similar pre organizational capacity. 

Substantial experimental evidence supports this treatise. Moroder and coworkers used NMR 

spectroscopy to conclude that Ac-Dfp-OMe (3.1) prefers the CY-endo ring pucker in water. 119 

Our own conformational analyses using IH and 19F NMR spectroscopy reveal a significant 

population of both the CY-exo and CY-endo conformers of Ac-Dfp-OMe (3.1) in both water and 

chloroform (vide infra), suggesting that the CY-exo and CY-endo ring puckers of Dfp are of 

similar energy. This finding indicates that the preorganizational capacity of Dfp is much closer 

to that of Pro (which has only a slight preference for the CY -endo ring pucker8
) than to that of Flp 

(which prefers the CY-exo ring pucker strongly due to the gauche effect8
). 

Additiona! experimental evidence that Pro and Dfp have similar CTH preorganizational 

capacity can be obtained by observing the equilibrium constant (Ktrans/cis) for the isomerization of 

their peptide bonds. Typically, the Ktrans/cis value of a Pro derivative is correlated to its ring 

pucker.8
,111,119 Thus, Ktrans/cis values for Ac-Xaa-OMe model systems can provide a valuable 

measure of the relative conformational preferences of Pro derivatives. We used IH NMR 

spectroscopy to show that Ac-Dfp-OMe (3.1) has Ktrans/cis = 3.6 in water. This value is similar to 

that of Ac-Pro-OMe, which has Ktrans/cis = 4.6, but divergent from that of Ac-Flp-OMe, which has 

Ktrans/cis = 6.7.66 Finally, replacement of Pro with Dfp in a barstar variant does not alter its 

conformational stability, whereas the mono fluorinated derivatives Flp and its diastereomer, 

(2S,4S)-4-fluoroproline (flp), have marked effects. I 19 

Next, we resorted to hybrid density functional theory (DFT) to explore further the 

conformational preferences of Dfp. Geometry optimizations and frequency calculations were 

performed at the B3L YP/6-311 +G(2d,p) level of theory on four preferred conformations of Ac-
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Dfp-OMe (3.1) in the gas phase. Briefly, we found that the CY-endo ring pucker is favored by 0.3 

kcallmol for Ac-Dfp-OMe (3.1) in the cis conformation, whereas the CY-exo ring pucker is 

favored by 0.5 kcal/mol over a slightly distorted CY-endo ring pucker in the trans conformation. 

These calculated conformational preferences are significantly closer to those of Ac-Pro-OMe 

than to those of Ac-Flp-OMe.8 Hence, Pro and Dfp should have roughly similar CTH 

preorganization capacity. Importantly, the CY-exo conformations adopted by Ac-Dfp-OMe (3.1) 

have appropriate backbone torsion angles for the Yaa position of the CTH, indicating that Dtp 

should be acceptable in the Yaa position of a CTH. 

Then, we compared the effect ofDfp and Flp on CTH stability. Our model ofa (ProFlpGlY)n 

CTH shows that the fluorine atoms protrude tangentially from the CTH and are partially buried 

(Figure 3.2A). In a hypothetical (ProDfpGlY)n CTH, the fluorine atoms corresponding to those in 

a (ProFlpGlY)n CTH are buried to the same extent. The additional fluorine atoms protrude 

radially from the CTH and are fully exposed to solvent (Figure 3.2B). Because CTH folding 

partially buries one fluorine atom per Xaa Y aaG ly triplet in both CRPs, any stability arising from 

Figure 3.2 Space-filling models of fluorinated triple helices constructed from the three
dimensional structure of a '(ProHypGlY)n triple helix (PDB entry 1 CAG3

) by replacing an 
OH, or OH and H of Hyp with F by using the program PyMOL (Delano Scientific, Palo 
Alto, CA). (A) Segment of a model (ProFlpGlY)n triple helix. (B) Segment of a model 
(ProDtpGlY)n triple helix. 
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the hydrophobic effect should be similar in the two fluorinated CTHs. Accordingly, if the effects 

of fluorination on CTH stability are due primarily to the conformational preferences of proline 

derivatives, then replacing Pro with Dfp in a CRP should have little effect on CTH stability. In 

contrast, replacing Pro with Flp should enhance CTH stability. On the other hand, if the partial 

burial of hydrophobic fluorine atoms is important for the hyperstability of (ProFlpGlY)n, then 

both Dfp- and Flp-containing CTHs should have markedly enhanced thermal stability relative to 

(ProProGlY)n CTHs. Peptides appropriate for this experiment were prepared by segment 

condensation on a solid-phase using Fmoc-XaaYaaGly-OH amino acid trimers prepared in 

solution (vide infra). We could not analyze the conformational properties of the CRP 

(ProDfpGly)JO because of its poor solubility in water. Host-guest CRPs are generally reliable 

A 5 
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Figure 3.3 Conformational analysis of Pro-CRP, Flp-CRP, and Dfp-CRP by CD 
spectroscopy. (A) Spectra of peptide solutions (90 /lM in 50 mM acetic acid) incubated at::;4 
°C for 2:24 h. (8) Effect of temperature on thermal ellipticity at 225 nm. Data were recorded 
at 3-oC intervals after a 2:5 min equilibration. Values of Tm (±1 DC) from the average of at 
least three experiments were Pro-CRP, 43 DC; Flp-CRP, 48 DC; and Dfp-CRP, 42°C. 
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models for the effects of amino acid substitution on CTH structure and stability.IS,S3,62,78,2I3,214 

Hence, we synthesized the host-guest CRPs Ac-(ProProGlY)w-NH2 (Pro-CRP), Ac-

(ProProGlY)4-ProDfpGly-(ProProGly )s-NH2 (Dfp-CRP), and Ac-(ProProGly )4-ProFlpG ly-

(ProProGlY)s-NH2 (Flp-CRP). We introduced N-terminal acetyl and C-terminal amido groups to 

eliminate unfavorable Coulombic interactions between the CRP termini. 

We analyzed the conformational stability of the CTHs formed by the three CRPs with 

circular dichroism (CD) spectroscopy. Values of Tm, which is the temperature at the midpoint of 

the thermal transition, depend on CRP concentration.2lS Accordingly, the concentrations of stock 

solutions were determined by amino-acid analysis and then adjusted to ensure that each CRP was 

analyzed at the same concentration. After incubation at ~4 °C for ~24 h to allow CTHs to fold, 

all three CRPs displayed the signature CD spectrum for a CTH at 4°C, with maxima near 225 

nm (Figure 3.3A). Upon heating, all three CRPs underwent cooperative thermal transitions 

(Figure 3.3B). We found that the Dfp-CRP and the Pro-CRP CTHs had Tm values within 

experimental error. The Tm value ofa Flp-CRP CTH was, however, -6°C higher (Figure 3.3B). 

These data suggest that the CTH stabilizing effects of Flp are attributable predominantly to its 

enhanced preference for the CY-exo ring pucker. Apparently, the thermodynamic advantage 

afforded by the partial burial of hydrophobic fluorine atoms near the center of the CTH is 

minimal. Furthermore, it is noteworthy that the established hyperstability of CTHs with flp in the 

Xaa position67,71 is even less likely to result from an enhanced hydrophobic effect, because the 

Xaa position in a CTH is significantly more exposed to solvent than is the Yaa position.216 

Two caveats to these conclusions must be considered. First, although fluorine is often 

regarded as an isosteric replacement for hydrogen, it does have a larger covalent radius (rH = 

0.31 A; rF = 0.57 A).217 Hence, we must consider whether appending a second fluoro group to CY 
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engenders any steric hindrance. Molecular modeling (Figure 3.2B) suggests that steric hindrance 

is not a complicating factor. More convincingly, we demonstrated previously that a methyl group 

can be incorporated in the same location without deleterious effects on CTH stability.2o Thus, 

steric hindrance should not confound our conclusions. Second, we must' consider whether any 

favorable or unfavorable electrostatic interaction is introduced by the additional fluoro group. 

Molecular modeling does not reveal any new electrostatic interactions between proximal 

polarized atoms (Figure 3.2B). Moreover, the energetic consequences of any such electrostatic 

interaction are minimized by our use of a host-guest model system. 

3.3 Conclusion 

We find that the hydrophobic effect is not a dominant stabilizing force for the CTH (A role 

for hydrophobicity in higher-order collagen assembly is, however, plausible.212,213) Specifically, 

our findings legitimize the theory that (ProFlpGly)1O triple helices are stabilized by 

preorganization derived from a stereoelectronic effect that favors backbone torsion angles 

appropriate for CTH formation, rather than by an enhanced hydrophobic effect. Dfp, which has a 

preorganizational capacity similar to that of Pro and a hydrophobic effect similar to that of Flp, 

provides no net stabilization to the CTH. Hence, the burial of fluoro groups upon CTH formation 

provides negligible benefit. Our findings are consistent with the role of the 4R-hydroxyl group of 

Hyp in natural collagen being to stabilize the CTH via preorganization. 
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3.5 Experimental 

3.5.1 General Considerations 

Commercial chemicals were of reagent grade or better, and were used without further 

purification. Anhydrous DMF and CH2Ch were obtained from a CYCLE-TAINER® solvent 

delivery system (1. T. Baker, Phillipsburg, NJ). Semi-preparative HPLC was perfonned with a 

Macherey-Nagel Cl8 reversed-phase column. Analytical HPLC was perfonned with an Agilent 

C8 reversed-phase column. Linear gradients of solvent A (H20 with 0.1 % v/v TF A) and solvent 

B (CH3CN with 0.1 % v/v TF A) were used for HPLC analysis and purification. 

The tenn "concentrated under reduced pressure" refers to the removal of solvents and other 

volatile materials using a rotary evaporator at water aspirator pressure «20 torr) while 

maintaining the water-bath temperature below 50 cC. Residual solvent was removed from 
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samples at high vacuum «0.1 torr). The term "high vacuum" refers to vacuum achieved by a 

mechanical belt-drive oil pump. 

NMR spectra were recorded on a Bruker DMX-400 Avance spectrometer (lH, 400 MHz; 13C, 

100.6 MHz) at the NMRFAM, unless indicated otherwise. NMR spectra were obtained at 

ambient temperatures. Values of coupling constants (1) are in Hertz. Compounds with a 

carbamate protecting group (e.g., Boc or Fmoc) and N-acylated proline derivatives exist as 

mixtures of Z and E isomers that do not interconvert on the NMR time scale at ambient 

temperatures. Accordingly, these compounds exhibit two sets ofNMR signals. 

Mass spectrometry was performed with either a Micromass LCT (electrospray ionization, 

ESI) or a Waters Autospec (electron impact, EI) in the Mass Spectrometry Facility in the 

University of Wisconsin Department of Chemistry, or an Applied Biosystems Voyager DE-Pro 

(matrix-assisted laser desorption/ionization, MALDI) mass spectrometer in the UW-BIF. 

Synthetic routes to Ac-Dfp-OMe (3.1) and Fmoc-ProDfpGly-OH (3.5) are summarized in 

Scheme 3.1. 

3.5.2 Synthesis ofN-Acetyl-(2S)-4,4-difluoroproline Methyl Ester (3.1) 
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Following the method of Nudelman et al.,194 a solution of N-Boc-(2S)-4,4-difluoroproline 

(612 mg, 2.44 mmol) in anhydrous MeOH (25 mL) was cooled to 0 °C. Acetyl chloride (25 mL) 

was added dropwise with stirring, the mixture was allowed to warm to rt and stirred under Ar(g) 

for 3 h. The resulting solution was concentrated under reduced pressure, and the residue (HCI·H-

Dfp-OMe) was dried under high vacuum. The residue was dissolved in anhydrous CH2Ch (50 

mL), N,N-4-dimethylaminopyridine (2.46 g, 20.13 mmol) and acetyl chloride (1.34 mL, 18.91 

mmol) were added, and the mixture was stirred at room temperature under Ar(g) overnight. 

CH2Ch (30 mL) was added, and the mixture was washed twice with citric acid(aq) (10% w/v), 

then dried over anhydrous MgS04(S) and concentrated under reduced pressure. The product was 

isolated by flash chromatography (7:3 EtOAc/hexanes~100% EtOAc) affording Ac-Dfp-OMe 

(3.1) (170 mg, 34%) as a colorless oil. IH NMR (500 MHz-CDCh): 04.72 and 4.60 (dd, J =5.3 

and 9.4 andJ=3.1 and 9.4, 1H), 4.10-3.72 (m, 5H), 2.92-2.42 (m, 2H), 2.10 and 2.10 (2 s, 3H); 

); 19F eH} NMR (470.6 MHz-CDCh, referenced to the IH NMR spectrum): 0-96.6 (d, J= 235), 

-98.0 (d, J = 233), -98.9 (d, J = 233), -101.3 (d, J = 235); I3C NMR (CDCh): 0171.0, 170.7, 

169.9, 169.5, 129.0, 128.4, 126.5, 126.0, 124.0, 123.5, 77.6, 77.3, 77.0, 58.3, 56.5, 54.9, 54.6, 

54.2, 53.5, 53.4, 53.2, 53.0. 52.8, 39.9, 39.7, 39.4, 38.0, 37.7, 37.5, 22.3, 21.2; EI-EMM: mlz 

calcd for CgHIIF2N03 207.0702, found 207.0697. 

3.5.3 Synthesis ofN-tert-Butoxycarbonyl-(2S)-4,4-difluoroprolylglycine Benzyl Ester (3.3) 

H-Gly-OBn·TsOH (4.63 g, 13.71 mmol) and DIEA (6.37 mL, 36.56 mmol) were added to a 

solution of N-Boc-(2S)-4,4-difluoroproline (3.2) (2.30 g, 9.14 mmol) in anhydrous CH2Ch (170 

mL) at 0 °C under Ar(g) and stirred for 5 min. PyBroP (4.26 g, 9.14 mmol) was added and the 

solution was allowed to warm to rt overnight with stirring. The resulting solution was washed 
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with citric acid(aq) (10% w/v, 200 mL), saturated NaHC03 (200 mL), and brine (200 mL), then 

dried over anhydrous MgS04(S) and concentrated under reduced pressure. The product was 

isolated by flash chromatography (1 :9----+6:4 v/v EtOAclhexanes) affording Boc-DfpGly-OBn 

(3.3) (2.54 g, 70%) as a sticky white paste. IH NMR (DMSO-d6): 58.58-8.44 (m, 0.8 H), 7.42-

7.29 (m, 5H), 5.19-5.08 (m, 2H), 4.45-4.31 (m, IH), 4.02-3.62 (m, 4H), 2.86-2.70 (m, IH), 

2.36-2.19 (m, IH), 1.40 and 1.34 (2 s, 9H); I3C NMR (DMSO-d6): 5171.1, 170.8, 169.5, 153.2, 

152.9, 135.8, 128.4, 128.1, 128.0, 79.9, 65.9, 57.6, 57.1, 53.4, 53.2, 52.9, 52.6, 40.7, (peaks 

under DMSO), 38.6, 38.3, 38.2, 27.9, 27.7; ESI-EMM: mlz [M + Nat calcd for CI9H24F2N20sNa 

421.1546, found 421.1528. 

3.5.4 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S)-prolyl-(2S)-4, 4-difluoroprolylglycine 

Benzyl Ester (3.4) 

Boc-DfpGly-OBn (3.3) (2.54 g, 6.37 mmol) was dissolved in 4N HCI in dioxane (100 mL) 

and the solution was stirred at rt under Ar(g) for 2 h. The resulting solution was concentrated 

under reduced pressure. Solvent was removed from the remaining solid (HCleH-DfpGly-OBn) as 

an azeotrope with toluene, and the residue was dried under high vacuum. The solid was 

dissolved in anhydrous DMF (100 mL), Fmoc-Pro-OPfp (5.00 g, 9.93 mmol) and DIEA (3.65 

mL, 20.93 mmol) were added, and the mixture was stirred at rt under Ar(g) for 18 h. The 

resulting solution was concentrated by rotary evaporation under high vacuum. The product was 

isolated by flash chromatography (4:6----+9:1 v/v EtOAclhexanes) affording Fmoc-ProDfpGly-

OBn (3.4) containing a slight impurity that was removed in the succeeding step (1.20 g, 34%). 
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3.5.5 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S)-prolyl-(2S)-4, 4-difluoroprolylglyc ine 

(3.5) 

MeOH (130 mL) was added carefully to a mixture of Fmoc-ProDfpGly-OBn (3.4) (1.17 g, 

1.89 mmol) and PdlC (0.29 g) under Ar(g). The resulting suspension was stirred under an 

atmosphere of H2(g) for 1.5 h. Careful monitoring by TLC was required to prevent 

hydrogenolysis of the Fmoc group. The mixture was filtered through a Celite® pad and 

concentrated under reduced pressure. The product was isolated by flash chromatography (1:9 

EtOAc/hexanes~ 1: 19 MeOH/DCM in 0.1 % formic acid). Formic acid was removed by 

azeotroping repeatedly with toluene, affording Fmoc-ProDfpGly-OH (3.5) (0.39 g, 39%) as a 

white solid. lH NMR (MeOH-d4): 57.85-7.75 (m, 2H), 7.68-7.51 (m, 2H), 7.46-7.25 (m, 4H), 

4.71 (dd, J = 6.2 and 9.2, 0.5H), 4.64-3.67 (m, 8.5H), 3.67-3.34 (m, 2H), 2.96-1.74 (m, 6H); 13C 

NMR (MeOH-d4): 5173.7, 173.3, 172.7, 172.5, 156.7, 156.2, 145.6, 145.4, 145.1, 145.1, 142.6, 

128.9, 128.3, 128.2, 126.2, 126.0, 125.9, 121.0, 120.9, 68.8, 68.0, 59.6, 59.2, 59.1, 59.0, 54.8, 

54.4, 50.3,48.5,41.8, 38.3, 38.0, 37.8, 30.8, 30.1, 25.3, 24.1; ESI-EMM: mlz [M + Nat calcd 

3.5.6 Measurement ofKlranslcisfor Ac-DfP-OMe (3.1) 

Ac-Dfp-OMe (3.1) (~2 mg) was dissolved in D20 (~0.8 mL). lH NMR spectra were acquired 

and worked up using the software NUTS. 195 
Ktrans/cis was determined from the relative areas of 

trans and cis peaks. An NOE difference experiment was performed to confirm the assignments of 

trans and cis peaks. 

3.5.7 Conformational analysis of Ac-Dfp-OMe (3.1) by NMR 



105 
AC-Dfp-OMe (3.1) (~6 mg) was dissolved in CDCh (~0.8 mL) or Ac-Dfp-OMe (3.1) (~2 

mg) was dissolved in D20 (~0.8 mL). In an effort to extract all lH,IH coupling constants, lH, 

lHC 9F}, 19F, and 19F {IH} spectra were recorded on a Varian INOVA 500 using a Varian 5 mm 

lH/19F high-field probe in the UW-MRF. Coupling constants are reported in Table 3.1. 

Table 3.1 Coupling constants of the Trans and Cis conformers of Ac-Dfp-OMe (3.1) in CDCh 
and D20 

CDC1) D20 

J,H-Hj trans CIS trans CIS 

Ha-H,8 9.3 9.5 9.9 9.8 
Ha-H,8' 5.4 3.2 4.5 1.7 
H,8-H,8' 14.3 14.2 14.5 14.4 

H,8-Hb' 1.2 
H,8~Hb" 1.7 
Ht5-Hb" 1l.5 13.5 13.7 

Assuming that the dominant conformations of the pyrrolidine rings in Dfp are CY-endo and 

CY-exo, the preferred conformation of Ac-Dfp-OMe (3.1) in solution can be determined 

unambiguously by analysis of lH,IH coupling constants, if one conformation is strongly favored 

over the other.218
,219 Nonetheless, the equilibrium between CY-endo and CY-exo ring puckers is 

fast on the NMR timescale. Therefore, if the CY-endo and CY-exo ring puckers are similar in 

energy, an averaged NMR spectrum will be observed and this type of conformational analysis 

will be ambiguous. 

In agreement with our computational analyses (vide infra), we find that the conformational 

manifold for Ac-Dfp-OMe (3.1) is slightly different in the trans and cis conformations, in both 

F HW C02Me 

FH~H" 
HO ~P 'Ac 

Cf-endo 

Figure 3.4 CY-endo and CY-exo conformations of Ac-Dfp-OMe (3.1) 
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CDCb and D20. For the trans confonner in CDCb, the long-range 4J coupling between HP and 

H8 indicates their pseudoequatorial positions (see Figure 3.4 for proton assignments), which is 

possible only in the CY-exo confonnation. This result suggests that the CY-exo confonnation is 

favored by trans Ac-Dfp-OMe (3.1) in CDCb. For the cis confonner in CDCb, the small 3J 

coupling between Ha and HP'is indicative of the CY-endo confonnation, but in the absence of a 

long-range 4J coupling between HP' and H8' any further analysis is ambiguous. It appears, then, 

that both the CY-endo and CY-exo ring puckers are similar in energy for cis Ac-Dfp-OMe (3.1) in 

CDCb. For the trans confonner in D20, H8 and H8' overlap and coupling constants could not be 

detennined. Therefore, the only measure of confonnation available is the moderate size of the 3 J 

coupling between Ha and HP~ This ambiguous analysis suggests that the CY-exo and CY-endo 

ring puckers of trans Ac-Dfp-OMe (3.1) are similar in energy in D20. For the cis confonner in 

D20, the apparent long-range 4J coupling between HP' and H8' indicates their pseudoequatorial 

position, which is possible only in the CY-endo ring pucker. In addition, the small 3J coupling 

between Ha and HP' convincingly indicates that the CY-endo confonnation is favored. In 

summary, these results confinn that Ac-Dfp-OMe (3.1) has a high population of at least two ring 

puckers in solution, as does Ac-Pro-OMe. 

3.5.8 Peptide Synthesis 

Dfp-CRP, Flp-CRP, and Pro-CRP were synthesized by segment condensation of Fmoc-

ProProGly-OH (described previouslyl\ Fmoc-ProDfpGly-OH, and Fmoc-ProFlpGly-OH 

(described previousll8
) as appropriate on solid phase using an Applied Biosystems Synergy 

432A Peptide Synthesizer at the University of Wisconsin-Madison Biotechnology Center. The 

first trimer was loaded onto Fmoc-amide resin under standard coupling conditions. Unreacted 
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sites on the resin were subsequently capped by acetylation, if necessary. Fmoc-deprotections 

were achieved by treatment with 20% (v/v) piperidine in DMF. The Fmoc-tripeptides (3 

equivalents) were converted to active esters by treatment with HBTU, DIEA, and HOBt. 

Couplings were allowed to proceed for 45-60 min at rt. N-terminal acetylations were achieved 

using 3 equivalents of acetic acid and standard coupling reagents. Peptides were cleaved from 

the resin in 38:1:1 TFA:H20:TIPS (3 mL), precipitated from tert-butylmethylether at 0 °C, and 

isolated by centrifugation. Semi-preparative HPLC was used to purify the peptides Pro-CRP 

(gradient: 10% B to 75% B over 45 min), Dfp-CRP (gradient: 10% B to 60% B over 45 min), 

and Flp-CRP (gradient: 20% B to 70% B over min). All three peptides were >90% pure by 

analytical HPLC and MALDI-TOF mass spectrometry (m/z) [M + Nat ca1cd for 

C122HI75N31031 2594.3, found 2595.4 for Pro-CRP; calcd for C122HmF2N31031 2630.3, found 

2630.5 for Dfp-CRP; ca1cd for C122H174FN31 0 31 2612.3, found 2612.9 for Flp-CRP. 

3.5.9 Conformational Analyses by CD Spectroscopy 

CD spectra were recorded with an Aviv 202SF circular dichroism spectrometer in the UW-

BIF. For the analyses, peptide solutions (90 IlM in 50 mM HOAc (pH 2.9)) that had been 

incubated at :~::AoC for 248 h were used. Peptide concentrations were standardized by dilution of 

stock solutions of known concentrations, determined by amino acid analysis at the Biomolecular 

Resource Facility, University of Texas-Medical Branch, Galveston, TX. CD spectra were 

recorded in I-nm increments with a 5-s averaging time, I-nm bandpass, and O.I-cm pathlength. 

The solutions were then heated from 4 °C to 82°C in 3-oC increments with a 25-min 

equilibration at each step. The ellipticity at 225 nm was monitored with a 5-s averaging time, 1-
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nm bandpass, and O.l-cm pathlength. Values of Tm were determined by fitting the data to a two-

state mode1. 197 

3.5.10 Computational Methodology 

The conformational preferences of Ac-Dfp-OMe (3.1) were examined by hybrid DFT as 

implemented in Gaussian 03.220 Geometry optimizations and frequency calculations at the 

B3L YP/6-311 +G(2d,p) level of theory were performed on CY -endo and CY -exo conformers in 

both the trans and cis geometries. Frequency calculations on the optimized structures yielded no 

imaginary frequencies, indicating true stationary points on the potential energy surface. The 

resulting self-consistent field (SCF) energies were corrected by the zero-point vibrational energy 

(ZPVE) determined in the frequency calculations, and are listed in Table 3.2. 

Table 3.2 SCF Energies (atomic units; au) Calculated at the B3LYP/6-311+G(2d,p) Level of 
Theory 

Ac-D!£-OMe conformer Energ~ ZPE correction Energ~ (corrected1 
trans, CY-exo -791.8660836 0.l92957 -791.6731266 
trans CY-endo -791.8648927 0.192588 -791.6723047 

cis CY-exo -791.8634706 0.l92598 -791.6708726 
cis CY-endo -791.8638557 0.l92569 -791.6712867 
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500 MHz 1 H NMR Spectrum of Compound 3.1 in D20 
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CHAPTER 4* 

PROTEIN HYPERSTABILITY: STEREOELECTRONIC AND STERIC EFFECTS IN 

SIDE CHAINS PREORGANIZE A MAIN CHAIN 

Abstract: A protein structure is endowed with extraordinary confonnational stability by 

confining the rotation of single bonds. This preorganization is achieved by installing side-chain 

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

angles. Replacing proline residues in (ProProGlY)7 collagen strands with 4-fluoroproline and 

4-methylproline leads to the most stable known triple helices, having T m values that are increased 

by >50 DC. Differential scanning calorimetry data indicate an entropic basis to the hyperstability, 

as expected from an origin in preorganization. Structural data at a resolution of 1.21 Areveal a 

prototypical triple helix with imperceptible deviations to its main chain, even though 2/3 of the 

residues are nonnatural. Thus, preorganization of a main chain by subtle changes to side chains 

can confer confonnational stability upon a protein without perturbing its structure. 

*This chapter has been prepared for publication, in part, under the same title. Reference: 

Shoulders, M. D.; Satyshur, K. A.; Forest, K. T.; Raines, R. T. In preparation. 
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4.1 Introduction 

The stability of proteins is the result of a delicate balance of forces. 221 Increasing the 

confonnational stability of a protein-desirable in many contexts222-can be realized by 

enhancing the hydrophobic effect,210,223 introducing or shielding a hydrogen bond224 or 

electrostatic interaction,225-227 or introducing a disulfide crosslink228-230 or metal ion-binding 

site.231 These strategies are often frustrated by enthalpy-entropy compensation, whereby 

enthalpic stabilization is offset by entropic destabilization, or vice versa.232 Moreover, the 

strategies often lack subtlety, which can lead to a misshapen and hence dysfunctional protein. 

As elaborated by Cram,60 the principle of preorganization states that "the more highly hosts 

and guests are organized for binding and low solvation prior to their complexation, the more stable 

will be their complexes." Although often used to enhance the affinity of receptors for their 

ligands, this principle is also applicable to endowing biopolymers with increased confonnational 

stability (Figure 4.1). For example, the stability of a DNA duplex correlates with the helicity of 

its single strands,233,234 and a bicyc1ic ("locked") derivative of ribose enhances that stability?35,236 

The stability of J3-tums within protein structures can be increased by incorporating D_proline237 

and certain J3-amino acids,238 which constrict the regions of tP,ljI-space occupied by the unfolded 

polypeptide. Likewise, proteins containing a cis peptide bond can be stabilized by constrained 

unfOlded state, preorganized T 

unfolded state, wild-type T 
,\G ! ! :.\Gr-<IK-I'$<h'l',W" 

\G",i ! 

folded slate ..L-L 

Figure 4.1 Protein stabilization by preorganization: The unfolded state is destabilized 
because preorganization reduces the entropy of the unfolded state. The folded state is, at 
least in principle, not affected by preorganization. The net effect is a more favorable !1G for 
protein folding. 
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amides or isosteres.239-241 The utility of these substitutions is limited, however, by the difficulty 

of modifying the backbone of proteins as well as concomitant effects on structure and 

function. 15,62,122,242 

We suspected that modifications to proline residues could provide a particularly incisive 

means to pre organize the conformation of a polypeptide chain. In classic work, Matthews and 

coworkers substituted proline (Pro), which is the least flexible residue, for an amino-acid residue 

in lysozyme with appropriate ¢ (C'i_I-N,-CU,-C'i) and If/ (N,-Cu,-C',-Ni+l ) torsion angles.243 The 

value of Tm increased by 2.1 °C for the modified lysozyme, and the enhanced stability was of 

entropic origin. The conformation of Pro is restricted because two of its main-chain atoms are 

confined within a pyrrolidine ring.244 Accordingly, we reasoned that alterations to the 

conformation of a Pro side chain would be conveyed to its main chain with great precision. 

Previously, we demonstrated that the pucker of the pyrrolidine ring can be biased by either 

stereoelectronic or steric effects (Figure 4.2). (2S,4S)-4-Fluoroproline (flp) and (2S,4R)-

4-fluoroproline (Flp) prefer CY-endo and CY-exo ring puckers, respectively (Table 4.1).8 This 

conformational bias is attributable to a stereoelectronic effect-the gauche effect. (2S,4R)-4-

Methylproline (mep) and (2S,4S)-4-methylproline (Mep) prefer CY-endo and CY-exo ring puckers, 

respectively (Table 4.1 ).20 This bias is attributable to a steric effect, owing to the preference of 

the methyl groups to adopt pseudoequatorial positions. Importantly, main-chain torsion angles 

correlate with ring pucker. Prolines with CY-endo puckers typically have torsion angles of ¢ ~ -

75° and If/~ 164°, whereas those with CY-exo puckers typically have ¢~ -60° and If/~ 152°.8,98 

As a model system for testing the utility of pre organizing the side-chain of proline residues, 

we chose the collagen triple helix (CTH). This multimeric, tightly packed coiled-coil contains 

many Pro residues and requires precise backbone torsion angles for proper folding. 1 These 
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Table 4.1. Summary of Structural Parameters for Pro, Hyp, flp, Flp, mep, and Mep 

Residue 
Crystal Ring (Eendo - Eexo)" if} 

Structure pucker (kcal/mol) (deg) 

L7 -62 153 

FlY 
J 0 

0,85 -55 141 

Hyp5,89 H01ln~ 
J 0 

C-exo -57 151 

-OAI -79 177 

-IA -71,0a 152a 

-0,61 -76a l72a 

aFrom density functional theory calculations. bValues of ¢ anq 'If are from crystal structures of Ac-AA-OMe, unless 
indicated otherwise. 

characteristics, along with the absence of surface loops and a hydrophobic core,245 lead to an 

inordinate entropic penalty for CTH formation. We suspected that we could obviate the high 

entropic cost for CTH folding by preorganizing collagen strands. 

A crystal structure of a CTH formed from the collagen-related polypeptide (CRP) 

(ProProGly)1O provides a roadmap for the rational use of preorganization. In this structure,7 the 

conformation of the Pro ring correlates with the Xaa or Yaa position (the collagen sequence can 

be abbreviated as (XaaYaaGlY)n). Residues in the Xaa position all have a CY-endo pucker, 



R' 

R 
J 0 

R' 

.. R')y 
J 0 

C;-olldo pucker C<-exo pucker 

Figure 4.2 Ring conformations of 4-substituted prolines. The CY -endo conformation is 
favored strongly by stereoelectronic effects when RJ = H, R2 = F (flp) and by steric 
effects when RJ = Me (mep), R2 = H. The CY-exo conformation is favored strongly by 
stereoelectronic effects when RJ = F (Flp), R2 = H and by steric effects when RJ = H, R2 
= Me (Mep). 
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whereas those in the Yaa position are CY -exo (Figure 4.2). This observation suggested that Pro 

derivatives that prefer the CY-endo ring pucker (and thus the proper backbone torsion angles) 

could preorganize CTH formation when in the Xaa position, whereas those that prefer the CY -exo 

. k ld . CTH fi . h' h Y .. 20 67 68 88 flng puc er cou preorgamze ormatIOn w en III t e aa posItIon. ' , , 

Here, we integrate stereoelectronic and steric effects to preorganize a polypeptide chain. The 

result is the most stable known CTH. We show by calorimetric analyses that the conferred 

hyperstability derives from entropy, as expected from the proper use of preorganization. Finally, 

we use high-resolution crystallographic analysis to demonstrate that incorporation of Pro 

derivatives does not perturb the structure of the CTH. We put forth the principle of 

preorganization and its manifestation via stereoelectronic and steric effects within amino-acid 

side chains as a powerful means to enhance the conformational stability of proteins. 

4.2 Results 

4.2.1 Circular Dichroism Spectroscopy 

The peptides (ProProGlY)7, (ProHypGlY)7, (flpMepGlY)7, and (mepFlpGlY)7 were prepared 

by segment-condensation using Fmoc-based solid-phase peptide synthesis. Circ~lar dichroism 

(CD) spectroscopy exhibited indicated that all the CRPs except (ProProGlY)7 folded into a CTH 
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Figure 4.3 Confonnational analysis of triple-helical CRPs. (A) CD spectra of peptide 
solutions at 4°C (200 ~M in 50 mM HOAc) after incubating at::;4 °C for ~24 h. (B) Effect of 
temperature on the molar ellipticity at 224, 225, or 226 nm. Data were recorded at 3 °C 
intervals after a 5 min equilibration. Two-state fits are displayed as lines. 

(Figure 4.3A). Upon heating, the three folded CRPs underwent cooperative transitions (Figure 

4.3B). The CTH fonned from the "natural" collagen sequence, (ProHypGlY)7, unfolded at 34°C. 

In contrast, CTHs fonned from (flpMepGly)7 and (mepFlpGlY)7 were hyperstable with Tm = 51 

and 58°C, respectively (Table 4.2). These (flpMepGlY)7 and (mepFlpGly)7 CTHs are the most 

stable CTHs of their length prepared to date, by a wide margin. 

4.2.2 Thermodynamic Analyses 

To discern the origin for the hyperstability of (flpMepGlY)7 and (mepFlpGlY)7 CTHs, we 

undertook a complete thennodynamic analysis of their folding-unfolding equilibria, along with 
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those for (ProProGlY)7 and (ProHypGlY)7. CTHs were analyzed by differential scannmg 

calorimetry (DSC) performed at a scan rate of 6 DC/h to ensure that equilibrium was achieved 

Table 4.2 Thermodynamic Parameters for Triple-Helical CRPs 

Peptide 

(ProProGlY)7 

(ProH ypGlY)7 

(flpMepGlY)7 

Tm t.G till ns 
(Oct (kcal morlt (kcal morlt (kcal morlt 

<5 

34 

51 

-49.8 

-33.2 

(mepFlpGlY)7 58 

2.1 

4.6 

4.4 

51.9 

37.8 

25.3 -20.9 

t.Cp 

(kcal morl K- I
) 

0.3 

0.3 

0.2 

·Values of Tm (±l 0c) are from CD data (Figure 4.3B). bValues of t.G, till, Tt.S and t.Cp are at 46°C. The largest 
source of error (±5%) was in the determination of [peptide]. 

throughout the temperature range (Figure 4.4).72 Because (ProProGlY)7 did not form a stable 

CTH, an endotherm was not observed (Figure 4.4A). Endotherms were fit to an association-

dissociation equilibrium model with a temperature-dependent /).Cp .
72

,246 (Equations are derived 

12 kcallmoJ 

A 

(ProProGly), 

B 
[{ProHypGIY)']3 

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 

c 
! (flpMepGIY)713 

o 
[(mepFlpGly),L 

50 60 70 80 90 10 20 30 40 50 60 70 80 90 
T(OC) T(DC) 

Figure 4.4 Differential scanning calorimetry of triple-helical CRPs. (A) (ProProGlY)7, (B) 
[(ProHypGlY)7h, (C) [(flpMepGlyhh and (D) [(mepFlpGlyhh in 50 mM HOAc (aq). 
Peptides were heated from 5-98 DC at 6 DC/h. Data are shown in gray and fits are shown in 
black. 
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and the fitting methodology is described in the Experimental section.) This model permits 

calculation and comparison of I1G, !::Jf, I1S, and I1Cp values at any desired temperature. Because 

the calculated thermodynamic parameters are most accurate near the T m value for each peptide, 

we analyzed the thermodynamic parameters at a temperature (46°C) halfway between the T m for 

(ProHypGlY)7 and the Tm for (mepFlpGlY)7. The results are summarized in Table 4.2. 

4.2.3 X-Ray Crystal Structure a/the (mepFlpGlYh Triple Helix 

To demonstrate that the modified CRPs formed prototypical CTHs, we obtained a crystal 

structure of the (mepFlpGly)7 CTH at a resolution of 1.21 A (Table 4.3). The structure of 

[(mepFlpGlY)7 h (Figure 4.5) was solved by molecular replacement using a truncated version of a 

Table 4.3 X-Ray Crystallographic Parameters for the (mepFlpGlY)7 CTH 

Data collection 

Wavelength (A) 

Resolution (A) 

No. of unique reflections 

Completeness (%) 

Rsymm (%) 

J/UI 

Space group 

0.9785 

31.0-l.21 (1.5-1.2) 

21822 (4151)" 

86.6 (60.4) 

8.94 (14.6) 

9.9 (5.27) 

Cell dimensions 

a,b,c(A) 

a, /3, y(deg) 

6.38,25.31,61.93 

90.0, 90.05,90.0 

Refinement statistics 

R-factor (%) 

Free R-factor (%) 

Protein atoms 

Solvent molecules 

B overall/Wilson 

"The value for the highest resolution shell is shown in parentheses. 

17.8 

24.6 

856 

165 

17.9/8.6 
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N-terminus C-terminus 

[(ProProG1Y)lOh CTH crystal structure determined by Zagari and coworkers.7 We also obtained 

X-ray diffraction data demonstrating that a CTH was formed from (flpMepGly)?, though 

obtaining a complete structure solution was not possible. An image of the fit of the heavy 

atoms in our [(mepFlpGly)?h structure to the electron density is displayed in Figure 4.6, showing 
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Figure 4.6 Image of fit of the solved crystal structure of [(mepFlpGlY)7h to the electron 
density. 

the high quality of the structure. High thermal factors near the termini of [(mepFlpGlY)7h 

prevented determination of the structure at the N- and C-termini, a complication in nearly all 

other CTH structures solved to date.3 Nonetheless, the coordinates for the central forty amino 

acids of both CTHs in the asymmetric unit were well-defined. 

Our success in obtaining a crystal structure of the (mepFlpGlY)7 CTH is noteworthy for 

several reasons. First, this is a protein structure in which fully 2/3 of the residues are nonnatural. 

Second, this structure is of particular importance since it is the first to show that CTHs 

containing nonnatural Pro derivatives form a prototypical CTH-which is surprising given the 
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importance of nonnatural Pro derivatives for our current understanding of the CTH (vide supra). 

Third, [(mepFlpGlY)7h is the shortest CTH to be successfully analyzed by X-ray diffraction-a 

fact we attribute to its high stability. 

4.3 Discussion 

The principle of preorganization has led to major advances in host-guest chemistry, 

illustrated by the work of Pedersen, Cram, Lehn, and others.60,247 This powerful principle has 

been used to stabilize the conformation of biopolymers, but almost exclusively by modification 

of their backbones. Here, we test the efficacy of an alternative strategy-modifying the side 

chain of an amino acid residue to impose favorable conformational constraints upon its main 

chain. 

Strands of collagen with the sequence (ProProGlY)7 do not form a stable CTH at 4°C. We 

synthesized (flpMepGlY)7 and (mepFlpGly)7 designed to incorporate subtle stereospecific 

changes to the prolyl side chains. Their CTHs have T m values of 51 and 58°C, respectively 

(Figure 4.3 and Table 4.2). What is the origin ofthis extraordinary stability? 

Previously, we used density functional theory calculations to demonstrate that Ac-mep-OMe 

and Ac-flp-OMe prefer the CY-endo ring pucker over the CY-exo ring pucker by 1.4 and 

0.61 kcallmol, respectively, whereas Ac-Mep-OMe and Ac-Flp-OMe prefer the CY-exo ring 

pucker by 1.7 and 0.85 kcallmol, respectively (Table 4.1).8,20 In contrast, Ac-Pro-OMe has only a 

slight preference for the CY -endo ring pucker (0.41 kcallmol; Table 4.1).8 Further, crystalline 

Ac-Mep-OMe and Ac-Flp-OMe both display the CY-exo ring pucker, whereas crystalline Ac-Pro-

OMe displays the CY-endo ring pucker (Table 4.1). 5 Appropriate combinations of mep, Mep, flp, 

and Flp could, therefore, stabilize the CTH by preorganization when in the Xaa and Yaa 
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positions of CTHs, assuming that these positions require the rjJ and If/ angles provided by the CY-

endo and CY -exo ring puckers, respectively. 

Preorganization affects the thermodynamics of protein folding by reducing the entropy of the 

unfolded state (Figure 4.1). Thus, a calorimetric analysis of the folding-unfolding equilibria of 

these CTHs could provide insight into whether preorganization was indeed the underlying basis 

of their hyperstability. The results of our DSC analyses are summarized in Table 4.2. Our model 

for fitting the DSC data permits ~Cp to be dependent on temperature, and assumes an 

association-dissociation equilibrium. We note that the same trends were observed by progress 

baseline subtraction and integration of the excess Cp curve, though our model permits the 

accurate comparison of results at a common temperature.72 For convenience, we chose to 

compare the thermodynamic parameters at T = 46°C (which is midway between the highest and 

lowest Tm values), but our conclusions hold as well at other temperatures within the studied 

range. Values of ~G (= M-l - T~S) for the unfolding of the CTHs increased in the order 

[(ProHypGlY)7h < [(flpMepGlyhh :::::: [(mepFlpGlyhh (Table 4.2). Despite their more favorable 

~G values, [(flpMepGlyhh and [(mepFlpGlYhh CTHs have less favorable M-l values than do 

[(ProHypGlyhh CTHs. This deficiency is more than overcome by the much more favorable T~S 

values for [(flpMepGly)7h and [(mepFlpGlyhh CTHs. It is noteworthy that ~Cp is similar in 

magnitude for all three CTHs, suggesting that the hyperstability is not due to an enhanced 

hydrophobic effect.245 These results are consistent with a dominant role for pre organization in 

the hyperstability of [(flpMepGlyhh and [(mepFlpGlyhh CTHs. 

Our conclusion that flp, mep, Flp, and Mep stabilize CTHs via preorganization relies on the 

assumption that these Pro derivatives do not alter the structure of the folded CTH. Low-

resolution structural data from CD spectroscopy are not sufficient to support such a conclusion. 
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To address this critical issue, we obtained a high-resolution crystal structure of a [(mepFlpGlY)7h 

CTH and compared that structure to those of two "natural" collagens (Table 4.4). Changes to the 

¢, Ij/, and OJ angles at each position were undetectable; the root-mean-square deviation of the 

backbone atoms from the central seven residues of each strand was only 0.22 and 0.23 A. We 

conclude that the nonnatural proline derivatives do not perturb CTH structure. 

Table 4.4 Structural Parameters of [(mepFlpGlyhh and other Crystalline Triple Helices 

Parameter [(mepFlpGlY)7ha [(ProHypGlY)lOh b [(ProProGlY)lOhC 

resolution (A) 1.21 1.26 l.3 

interstrand 
2.97 ± 0.06 2.88 3.04 ± 0.0l 

hydrogen bond (A) 

helical pitch 712 712 7/2 

,p, Xaa position (deg) -76.0 ± 4.1 -7l.3 ± 1A -74.S ± 2.9 

'1/, Xaa position (deg) 164.7 ± 3.9 16l.S ± l.l 164.3±4.1 

OJ, Xaa position (deg) 180.12 ± 2.7 172.3 ± l.0 176.0 ± 2.S 

,p, Yaa position (deg) -60.0 ± 1.S -S6.9 ± l.3 -60.l ± 3.6 

'1/, Yaa position (deg) lSl.3±3.6 lS0.0 ± l.l lS2A ± 2.6 

OJ, Yaa position (deg) 176.0 ± l.3 174.7 ± l.l 17SA±3A 

,p, Gly (deg) -7l.S ± 2.6 -7l.3 ± l.6 -71.7 ± 3.7 

'1/, Gly (deg) 176.8 ± 4.3 174.2 ± l.2 17S.9 ± 3.l 

OJ, Gly (deg) 17S.3 ± 2.3 l78.8 ± l.l 179.7 ± 2.0 

rmsd (A)d 0.22 0.23 

aValues are averaged from the central thirty-six amino acids in the center of each triple helix in the asymmetric unit. 

bFrom ref 248. cFrom ref 7. d rmsd = .!. Ix; , where n is the number of backbone atoms from the central core 
n i=1 

seven residues of each strand and x is the difference in their positions. 

The crystal structure of a [(mepFlpGlY)7h CTH demonstrates that the preferred ring puckers 

are indeed observed in the folded CTH. Throughout the CTH, mep residues display the expected 

CY-endo ring pucker (Figure 4.7B); Flp residues display the CY-exo ring pucker (Figure 4.7C). By 

biasing these preferred ring puckers for the Xaa and Yaa positions of the CTH in the unfolded 

state using steric and stereoelectronic effects, we were able to stabilize this multimeric protein 
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structure usmg side-chain modification to implement the principles of preorganization. 

Intriguingly, Pro, which slightly prefers the CY-endo pucker, is abundant in the Xaa position of 

natural collagen, whereas Hyp, which prefers the CY-exo pucker, is abundant in the Yaa 

position.34 Thus, Nature seems to have evolved a similar mechanism for stabilizing the CTH but 

does not produce the more preorganized structures available through chemical synthesis. 

4.4 Conclusion 

We have employed the principle of pre organization to confer remarkable stability upon a 

multimeric protein. This approach yielded CTHs with thermal stability greater than any other of 

similar length. As collagen is the most abundant protein in animals and constitutes % of human 

skin, such hyperstable collagens have potential as therapeutic agents. 

Our results have applicability to other proteins as well. The thermodynamic and 

crystallographic analyses reveal how Pro derivatives can be employed favorably in other in other 

protein folds. Although we have used chemical synthesis, Pro derivatives can be incorporated 

into proteins by heterologous expression using proline auxotrophs of Escherichia coli or by 

semisynthetic methods. 116,119,120,124,249-251 Derivatives other than 4-fluoroproline and 

4-methylprolines can be used to bias ring pucker. 12
,69,94 The applicability is not limited to 

replacing Pro residues-other residues with appropriate rjJ and If/ torsion angles (Tables 4.1 and 

4.4) can also be beneficial targets. Hence, the principle of pre organization of main chains by 

subtle changes to side chains provides a powerful and versatile means to enhance conformational 

stability. 
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Figure 4.7 Segment of a crystalline [(mepFlpGlyhh triple helix, with expanded views of 
the CY-endo ring pucker of mep residues (A) and the CY-exo ring pucker of Flp residues 
(B). 
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4.6 Experimental 
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4.6.1 General Considerations 

Commercial chemicals were of reagent grade or better, and were used without further 

purification. Anhydrous CH2Cb was obtained from a CYCLE-TAINER® solvent delivery system 

(1. T. Baker, Phillipsburg, NJ). In all reactions involving anhydrous solvents, glassware was 

either oven- or flame-dried. NaHC03(aq) and brine (NaCl) refer to saturated aqueous solutions. 

Flash chromatography was performed with columns of silica gel 60, 230--400 mesh (Silicyc1e, 

Quebec City, Canada). Semi-preparative HPLC was performed with a Zorbax C-8 reversed

phase column. Analytical HPLC was performed with a Varian C-18 reversed-phase column. 

HPLC purifications and analyses employed linear gradients of solvent A (H20 with 0.1 % v/v 

TFA) and solvent B (CH3CN with 0.1% v/v TFA). 

The term "concentrated under reduced pressure" refers to the removal of solvents and other 

volatile materials using a rotary evaporator at water aspirator pressure «20 torr) while 

maintaining the water-bath temperature below 40°C. Residual solvent was removed from 

samples at high vacuum «0.1 torr). The term "high vacuum" refers to vacuum achieved by a 

mechanical belt-drive oil pump. 

NMR spectra were acquired with a Bruker DMX-400 Avance spectrometer CH, 400 MHz; 

13C, 100.6 MHz) at the National Magnetic Resonance Facility at Madison (NMRFAM). NMR 

spectra were obtained at ambient temperatures on samples dissolved in MeOH-d4• Coupling 

constants J are provided in Hertz. Compounds with a Fmoc-protecting group exist as mixtures of 

Z and E isomers that do not interconvert on the NMR time scale at ambient temperatures. 

Accordingly, these compounds exhibit two sets ofNMR signals. 
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Mass spectrometry was performed with either a Micromass LCT (electrospray ionization, 

ESI) in the Mass Spectrometry Facility in the Department of Chemistry or an Applied 

Biosystems Voyager DE-Pro (matrix-assisted laser desorption/ionization, MALDI) mass 

spectrometer in the University of Wisconsin Biophysics Instrumentation Facility. Synthetic 

routes for the preparation of Fmoc-flpMepGly-OH (4.4) and Fmoc-mepFlpGly-OH (4.8) are in 

Schemes 4.1 and 4.2, respectively. 

4.6.2 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S, 4S)-4-jluoroprolyl-(2S, 4S)-4-

methylprolylglycine Benzyl Ester (4.3) 

N-tert-Butyloxycarbonyl-(2S,4S)-4-methylprolyl-glycine benzyl ester (4.1) (0.80 g, 

2.2 mmol), synthesized as described previously,20 was dissolved in 4 N HCl in dioxane (15 mL) 

under Ar(g). The resulting solution was stirred for 1.5 h. The solution was then concentrated 

under reduced pressure and dried under high vacuum, and the residue was dissolved in 

Me~o 

N HN\ 
BOc _rOBn 
4.1 ° 

1. HCl/dioxane 
2. Fmoc-flpOH 4.2 .. 

OlEA, PyBroP 
CH2CI2 

Scheme 4.1 Synthesis of Fmoc-flpMepGly-OH (4.4) 

Mh H ° 
"~~NJoBn 

F~O 
LJ '0. 4.3 

'Fmoc 

lH2(9) 
Pd/C, MeOH 
34% (3 steps) 
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anhydrous CH2Ch (40 mL). N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-fluoroproline (4.2) 

(0.75 g, 2.2 mmol), synthesized by Dr. F. W. Kotch using established synthetic methodology, 1 1 

was added, and the resulting solution was cooled to 0 DC. PyBroP (1.03 g, 2.2 mmol) and DIEA 

(0.91 g, 7.0 mmol) were added. The resulting solution was allowed to warm slowly to room 

temperature, and then stirred for 4 h. The reaction mixture was diluted with CH2Ch (50 mL), 

washed with 10% w/v aqueous citric acid (100 mL), NaHC03(aq) (100 mL), and brine (100 mL), 

dried over anhydrous MgS04(S), and concentrated under reduced pressure. Flash 

chromatography (70% v/v EtOAc in hexane) afforded compound 4.3 (990 mg, 1.6 mmol) 

containing a slight impurity that was removed in the subsequent step. HRMS-ESI (m/z): [M + 

4.6.3 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-jluoroprolyl-(2S,4S)-4-

methylprolylglycine (4.4) 

MeOH (75 mL) was added carefully to a mixture of compound 4.3 (990 mg, 1.6 mmol) and 

Pd/C (10% w/w, 160 mg, 0.3 mmol) under Ar(g), and the resulting black suspension was stirred 

under H2(g) for 3 h. Careful monitoring by TLC was necessary to prevent hydrogenolysis of the 

Fmoc group. The suspension was filtered through a Celite pad and concentrated under reduced 

pressure. The crude product was purified by flash chromatography (1.5% v/v MeOH in CH2Ch 

containing 0.1 % v/v formic acid). The fractions containing 4.4 were concentrated under reduced 

pressure. The formic acid was removed by dissolving the residue in 10% v/v MeOH in toluene 

and concentrating under reduced pressure to afford Fmoc-flpMepGly-OH (4.4) (390 mg, 

0.7 mmol, 34%, 3 steps) as a white solid. IH NMR J: 1.10 and 1.15 (d, J = 6.5, 3H), 1.49-1.64 

(m, 1H), 2.20-2.62 (m, 4H), 3.00-3.15 (m, 1H), 3.32-4.06 (m, 5.6H), 4.07-4.71 (m, 3.4H), 
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Scheme 4.2 Synthesis of Fmoc-mepF1pG1y-OH (4.8) 
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5.04-5.38 (m, IH), 7.25-7.46 (m, 4H), 7.47-7.66 (m, 2H), 7.67-7.77 (m, 2H); I3C NMR 1:5: 17.0, 

17.0,35.4,35.5,36.4,36.6,37.0,37.2,38.5,38.7,41.9, 50.1, 54.1, 54.3, 54.6, 54.8, 55.0, 55.4, 

55.7,58.9,59.2,62.7,62.7,71.0,71.8,81.3,81.5,92.4 and 93.2(d, JC- F = 178.4), 121.1, 121.2, 

125.4, 125.7, 125.9, 125.9, 129.1, 129.2, 130.6, 130.7, 141.4, 141.5, 147.7, 147.8, 148.0, 148.2, 

156.1, 171.8, 172.9, 174.8, 174.9; HRMS-ESI (mlz): [M + Nat ca1cd for C28H30FN306Na, 

546.2016; found, 546.2000. 

4.6.4 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S, 4 R)-4-methylprolyl-(2S, 4 R)-4-

jluoroprolylglycine Benzyl Ester (4.7) 

N-tert-Butyloxycarbonyl-(2S,4R)-4-fluoroprolyl-glycine benzyl ester 4.5 (0.71 g, 1.9 mmol), 

synthesized by Dr. Frank W. Kotch using established synthetic methodology,)) was dissolved in 

4 N HCI in dioxane (25 mL) under Ar(g) and stirred for 75 min. The resulting solution was 

concentrated under reduced pressure and the residue dissolved in anhydrous CH2Ch (35 mL). 
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N-9-Fluorenylmethyloxycarbonyl-(2S,4R)-4-methylproline (4.6; 0.69 g, 1.9 mmol), synthesized 

as described previously,20 PyBop (0.99 g, 1.9 mmol) and DIEA (0.87 g, 6.7 mmol) were added. 

The resulting solution was stirred for 20 h. The reaction mixture was diluted with CH2Cb 

(50 mL), washed with 10% w/v aqueous citric acid (100 mL), NaHC03(aq) (100 mL), and brine 

(100 mL), dried over anhydrous MgS04(s), and concentrated under reduced pressure. Flash 

chromatography (70% v/v EtOAc in hexane) afforded slightly impure 4.7 (990 mg, 1.6 mmol) as 

a white solid. HRMS-ESI (mlz): [M + Nat ca1cd for C3sH36FN306Na, 636.2486; found, 

636.2463. 

4.6.5 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S, 4 R)-4-methylprolyl-(2S,4 R)-4-

jluoroprolylglycine (4.8) 

MeOH (75 mL) was added carefully to a mixture of compound 4.7 (560 mg, 0.9 mmol) and 

PdlC (10% w/w, 130 mg, 0.2 mmol) under Ar(g), and the resulting black suspension was stirred 

under H2(g) for 3 h. Careful monitoring by TLC was necessary to prevent hydrogenolysis of the 

Fmoc group. The suspension was filtered through a pad of Celite, and concentrated under 

reduced pressure. The crude product was purified by flash chromatography (EtOAc to elute 

byproducts, then 10% v/v MeOH in CH2Cb containing 0.1% v/v formic acid). The fractions 

containing 4.8 were concentrated under reduced pressure, and the formic acid was removed by 

dissolving the residue in 10% v/v MeOH in toluene and concentrating under reduced pressure to 

afford Fmoc-mepFlpGly-OH 4.8 (327 mg, 0.6 mmol, 32% two-step yield) as a white solid. IH 

NMR J: 1.03 and 1.04 (d, J = 6.6, 3H), 1.78-1.91 (m, IH), 2.07-2.28 (m, 2H), 2.32-2.64 (m, 

2H), 2.90--2.98 (m, IH), 3.28-3.62 (m, 6H), 4.32-4.47 (m, 2H), 4.52-4.68 (m, 2H), 5.23-5.44 

(m, IH), 7.27-7.43 (m, 4H), 7.53-7.68 (m, 2H), 7.76-7.83 (m, 2H); I3C NMR J: 17.6, 17.7, 
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32.0, 33.1, 36.8, 36.9, 37.0, 37.1, 37.6, 38.6, 41.8, 49.9, 54.7, 54.8, 55.1, 59.8,60.2, 68.6, 68.7, 

93.5 (d, JC-F = 178.5), 120.9, 126.1, 126.1, 126.3, 128.2, 128.2, 128.4, 128.8, 142.5, 142.6, 

145.0,145.1,145.5,145.6,156.2,156.7,172.5,173.3, 174.0, 174.1; HRMS-ESI (mlz): [M-Hr 

4.6.6 Solid-Phase Peptide Synthesis 

(ProProG1Y)7 and (ProHypG1Y)7 were prepared VIa coupling of the appropriate Fmoc-

protected amino acids and H-Gly-2-chlorotrityl resin using an Applied Biosystems Synergy 

432A Peptide Synthesizer at the University of Wisconsin Biotechnology Center. Fmoc-

deprotection was achieved by treatment with 20% (v/v) piperidine in DMF. The amino acids (3 

equivalents) were converted to active esters by treatment with HBTU, DIEA, and HOBt. 

Extended couplings (120 min) were employed at room temperature. 

(flpMepGly)7 and (mepFlpGlY)7 were prepared as follows: Fmoc-tripeptides 4.4 and 4.8 were 

loaded onto 2-chlorotrityl resin as described previously for similar amino acid trimers.2o 

Loadings were measured by ultraviolet spectroscopyl96 to be 0.52 mmollg for 4.4 and 

0.61 mmollg for 4.8. The two 21-mer peptides were synthesized on a 25 Ilmol-scale by segment 

condensation of their corresponding Fmoc-tripeptides (4.4 and 4.8; 3 equivalents) on solid phase 

using an Applied Biosystems Synergy 432A Peptide Synthesizer at the University of Wisconsin 

Biotechnology Center. Fmoc-deprotection was achieved by treatment with 20% (v/v) piperidine 

in DMF. The trimers (3 equiv) were converted to active esters by treatment with HBTU, DIEA, 

and HOBt. Extended couplings (60-90 min) were employed at rt. 

Peptides were cleaved from the resin in 95:3:2 TFA:triisopropylsilane:H20 (2 mL), 

precipitated from tert-butylmethylether at 0 °C, and isolated by centrifugation. Semi-preparative 
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HPLC was used to purify the peptides (ProProGlY)7 (gradient: 10% B to 80% B over 50 min), 

(ProHypGlY)7 (gradient: 10% B to 60% B over 50 min), (flpMepGly)7 (gradient: 3% B to 50% B 

over 50 min), and (mepFlpGly)? (gradient: 5% B to 60% B over 60 min). Both peptides were 

>90% pure by analytical HPLC and MALDI-TOF mass spectrometry (mlz) [M + Ht calcd for 

Cs4H122N2I 022 1776.9; found 1776.5 for (ProProGlY)7, calcd for C84H122N2I029 1888.9; found 

1888.1 for (ProHypGly)?, and calcd for C9IH129F7N21022 2000.9; found 2001.1 for (flpMepGly)? 

and 2001.4 for (mepFlpGlY)7. 

4.6.7 Circular Dichroism Spectroscopy of (ProProGlyh, (ProHypGlyh, (flpMepGlyh, and 

(mepFlpGlYh 

Peptides were dried under vacuum for at least 24 h before being weighed and dissolved to 

0.2 mM in 50 mM HOAc(aq) (pH 2.9). The solutions were incubated at :S4 DC for 224 h before 

CD spectra were acquired with an Aviv Associates (Lakewood, NJ) 202SF CD spectrometer. 

Spectra were measured with a 1-nm band-pass in cuvettes with a O.l-cm pathlength. The signal 

was averaged for 3 sec during wavelength scans, and either 5 or 15 sec during denaturation 

experiments using a 0.6-DC temperature dead band. (Changing the averaging time did not alter 

the Tm value.) During denaturation experiments, CD spectra were acquired at intervals of 3 DC. 

At each temperature, solutions were equilibrated for 5 min before data acquisition. Values of Tm 

were determined in triplicate by fitting the molar ellipticity at 225 nm to a two-state model. 197 

4.6.8 Differential Scanning Calorimetry of (ProProGlyh, (ProHypGlyh, (flpMepGlyh, and 

(mepFlpGlYh 
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DSC measurements were conducted on a VP-DSC instrument (MicroCal, Northampton, 

MA). Instrument baselines were established by filling both the sample and the reference cells 

with degassed 50 mM HOAc(aq) and scanning from 5-98 °C at a scan rate of 6 °C/h until at 

least two consecutive overlaying buffer-buffer scans were observed. The final buffer versus 

buffer scan was subtracted from the subsequent scans. 

Peptide solutions (~50 /lM in 50 mM HOAc(aq)) were incubated at :S4 °C for 224 h, 

degassed, and loaded in the sample cell at ~ 10 °C (the reference cell solution was not replaced) 

during cooling from the previous buffer versus buffer scan). Samples were scanned from 5-98 

°C at a scan rate of 6 °C/h; the first scan of each sample was used in the analysis. Subsequent 

scans of the same sample showed a decrease in melting enthalpy, indicating that refolding of the 

CTH during cooling (which is an extremely slow process) was incomplete. Nonetheless, data 

was reproduced by reincubating the same samples at :s4 °C for 224 h prior to scanning. 

After DSC measurements, the concentration of each peptide that formed a stable CTH was 

determined by quantitative amino-acid analysis at the Protein Chemistry Laboratory, University 

of Texas Medical Branch (Galveston, TX); the concentration of (ProProGlY)7 was estimated by 

HPLC analysis. Peptide concentrations of 100, 22, 51, and 83 /lM were obtained for 

(ProProGlY)7, (ProHypGlY)7, (flpMepGlY)7' and (mepFlpGlY)7' respectively. 

For each sample, the appropriate buffer-buffer scan was subtracted from the sample scan, 

raw data were normalized to monomer quantity (PTot) , and then treated using the simplest, 

physically valid model as a two-state, association-dissociation equilibrium with tlCp dependent 

on temperature.72 Relevant equations and the methodology for data-fitting are described below: 

The equilibrium between a CTH and single coil for a single, two-state system is represented as 



F or the equilibrium in equation 4.1, 

M-J(T) is defined as 

and tlS(T) is defined as 

1--? 
-I s 
3 ~ 

/)'G(T) = /)'H(T) - T/).S(T) 
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(4.1) 

(4.2) 

(4.3) 

(4.4) 

In our model, yo is the reference temperature and is defined as the temperature where tlG = 0, in 

contrast to the T m which is defined as the temperature where the transition is half-completed. 

Therefore, 

(4.5) 

tlCp(T) is the difference in molar heat capacities of peptides in the single-coil form and in the 

CTH form. Thus, 
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(4.6) 

where Cp A1) is the portion of Cp ,base(1) (defined in equation 4.14) attributable to the single-coil 

state and Cp ,t{1) is the portion of Cp ,base(1) attributable to the triple-helix state. Ifwe approximate 

Cp A1) and Cp ,l1) as linear functions of temperature, then 

(4.7) 

where Bs is the intercept and Ds is the slope of the line Cp,s(1) and 

(4.8) 

where B, is the intercept and D, is the slope of the line Cp,t{1). Bs, Ds, B" and D, are, therefore, 

independent of temperature. Equation 4.6 then becomes 

(4.9) 

and M-J(1) and 113(1) can then be expressed as 

M-J(T) = M-J(TO) + f;.(Bs - Bt + (Ds -Dt)T')dT' (4.10) 



and 

Based on equation 4.2, integrating and solving for I'1G(T) yields 

I'1G(T) = Mf(TO) + (Bs - B
t 
)(T - TO) + D.S(Ds - D

t 
)(T2 - T02) 

-T[ ~<';°l +(B, -B'lln(;o )+(D, -D,l(T -ral] . 
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(4.11) 

(4.12) 

Hence, with known values of r', Mf(r'), Bs, Ds, Bt, and Dt, we can calculate I'1Cp, Mf, I'1S, and 

I'1G at any temperature T. To retrieve r', Mf(r'), Bs, Ds, Bt, and Dt, we first derive the expression 

of the observed excess heat capacity function with these parameters. The observed excess heat 

capacity function, CP,obsCT), can be deconvoluted as 

(4.13) 

where Cp,transCT) is the portion of Cp,obsCT) attributable to the transition and Cp,base(T) is the 

portion of Cp,obsCT) attributable to the triple-helix and single-coil states (baseline function). 

Cp,base(T) can be written as 

(4.14) 
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Cp,'rans(T) can be written as 

(4.15) 

In these equations, FsCT) is the fraction of pep tides in the single-coil fonn 

(4.16) 

and F,(T) is the fraction of pep tides in the CTH fonn 

F,(T) = 3t(T) 
PrOf 

(4.17) 

with PTo' (the overall peptide concentration detennined independently by amino acid analysis) 

given by 

PrOf = seT) + 3t(T) (4.18) 

F,(T) can then be expressed in tenns of Fs(T) as 

F,(T) = 1- P'(T) (4.19) 
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The function Fs(T) is obtained as follows: The equilibrium constant K(T) for equation 4.1 is 

defined as 

K(T)= seT) 
t(TY/3 

K(T) can be expressed in terms of Fs(T) and P Tot as 

Equation 4.21 can be rearranged to afford the cubic equation 

Equation 4.22 can be solved numerically if K(T) is known. K(Y) can also be expressed as 

K(T) = e-[LlG(T)/RT] 

(4.20) 

(4.21) 

(4.22) 

(4.23) 

I1G(T) can be calculated by using equation 4.12. In our fitting procedure (using code written 

by Dr. Y.-S. Lin), I1G(T) and K(T) are calculated with a set of r, M-I(r), Bs, Ds, B t, and D t• 
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Then, equation 4.22 is numerically solved to obtain FsCy) and numerically differentiated to 

obtain dFsCY)/dT. Equations 4.13, 4.14, and 4.15 are then utilized to generate a Cp fitting curve. 

The six parameters YO, tJ.H(YO), Bs , Ds , Bt , and DI> are optimized to generate the best fit to 

Cp,obsCy) by implementing the Fletcher-Reeves-Polak-Ribiere minimization of the square 

deviation between the calculated and empirical curves. PTot and optimized values for the six 

fitting parameters for each peptide are displayed in Table 4.5. 

Table 4.5 Optimized Fitting Parameters for DSC Analyses 

Parameter [(ProHypGlyhh [(flpMepG1Y)7h [(mepFlpG1Y)7h 

PTo' (IlM ) 22 51 83 

1'" (0C) 331.839201 368.955533 393.4987l3 

Mf ff:kcallmol) 56.469197 19.6002838 10.9979831 

Bs (cal K~I mOrl) -6569.4908 -10896.0047 --4400.00008 

Ds (cal mOrl) 16.4797743 28.54226 10.0509202 

B,(cal K~I mOrl) -10350.9977 -2420.49211 -999.999932 

D, (cal mOrl) 29.2023114 2.8439789 -0.0301716578 

4.6.9 Crystallization and Data Collection/or (mepFlpGlY}7 

Single crystals of (mepFlpGlY)7 CTHs were grown at 4 °C by the hanging-drop vapor 

diffusion method from aqueous solutions containing HOAc and PEG-4000. The highest quality 

crystals were obtained from drops (2 )lL) formed from 1 )lL of a ~ 1 0 mg/mL solution of 

(mepFlpGlY)7 in 10% v/v HOAc(aq) and 1 )lL of reservoir solution equilibrated against a 

reservoir containing 35% w/v PEG-4000 in water. Crystals suitable for X-ray diffraction grew at 

4 °C in 10-14 d. The crystals were cubic in shape with average dimensions of 0.05 x 0.05 x 0.05 

mm. Crystals were flash frozen without additional cryoprotectants prior to data collection. 

Two X-ray diffraction data sets were collected at 100 K on beamline ID-D at LS-CAT, 

Advanced Photon Source, Argonne National Laboratory. For the first data set, 0.5° images were 
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captured for 360° with 1-s exposure times. For the second data set, 1°-images were captured for 

360° with 5-s exposure times. The diffraction contained both very strong and very weak 

reflections, as has been previously observed for crystalline CTHs.252 Data were processed with 

HKL2000,252 using both the short and long exposure scans. The structure was solved by 

molecular replacement using a truncated model built from a crystalline [(ProProGlY)lOh CTH 

(POB entry 1k6f).7 Importantly, Pro ring puckers were not constrained but were allowed to float 

freely to the ring conformation that provided the best fit to the electron density. A fit of the 

heavy atoms to the electron density in the well-defined regions of the crystal structure is 

displayed in Figure 4.6. 
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CHAPTER 5* 

4-CHLOROPROLINES: SYNTHESIS, CONFORMATIONAL ANALYSIS, AND 

EFFECT ON THE COLLAGEN TRIPLE HELIX 

Abstract: Collagen is an abundant, triple-helical protein comprising three strands of the repeating 

sequence: XaaYaaGly. (2S)-Proline (Pro) and (2S,4R)-4-hydroxyproline (Hyp) are comm~n in 

the primary structure of collagen. Here, we use nonnatural proline derivatives to reveal 

determinants of collagen stability. Specifically, we report high-yielding syntheses of (2S,4S)-4-

chloroproline (clp) and (2S,4R)-4-chloroproline (Clp). We find that the molecular structure of 

Ac-Clp-OMe in the solid state is virtually identical to that of Ac-Hyp-OMe. In contrast, 

crystallographic analyses suggest that the conformational preferences of clp are similar to those 

of Pro. Ac-Clp-OMe has a stronger preference for a trans amide bond than does Ac-Pro-OMe, 

whereas Ac-clp-OMe has a weaker preference. (ProClpGly)IO forms triple helices that are 

significantly more stable than those of (ProProGly)IO. Triple helices of (clpProGly)IO have 

stability similar to those of (ProProGly)IO. Unlike (ProClpGly)IO and (clpProGly)IO, 

(clpClpGly)IO does not form a stable triple helix, presumably due to a deleterious steric 

interaction between proximal chlorines on different strands. These data, which are consistent 

with previous work on 4-fluoroprolines and 4-methylprolines, support the importance of 

stereoelectronic and steric effects in the stability of the collagen triple helix and provide another 

means to modulate that stability. 

*This chapter has been published, in part, under the same title. Reference: Shoulders, M. D.; 

Guzei, I. A.; Raines, R. T. Biopolymers 2008, 89, 443--454. 
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5.1 Introduction 

Collagen is the major proteinaceous component of the extracellular matrix (ECM) in 

vertebrates.37 The three-dimensional structure of collagen was determined in the 1950s38-42 to be 

a right-handed triple helix formed by the parallel coiling of three left-handed polyproline II-type 

(PPII) strands about a common axis. At least 29 different members of the collagen superfamily 

of proteins have been discovered to date, as well as a number of other proteins with triple-helical, 

collagenous domains.27,29,253 

In the fibrillar collagens and in most other types of collagen, every third residue is always the 

smallest of the twenty common amino acids, glycine (Gly),193,253,254 which is required for the 

tight packing of the collagen triple helix (CTH).3 Often, the amino acid in the Xaa position of the 

Xaa YaaGly repeat is (2S)-proline (Pro) and that in the Yaa position is (2S,4R)-4-hydroxyproline 

(Hyp).255,256 Hyp is formed by the stereoselective post-translational hydroxylation of Pro residues 

in the Yaa position by the enzyme prolyl-4-hydroxylase (P4H).257 

The post-translational hydroxylation of prolines in the Yaa position is essential for the 

formation of a stable ECM in animals. Both Caenorhabditis elegans and mice lacking P4H 

experience embryonic morbidity due to weakened collagen superstructures.63-65 Why is Pro 

hydroxylation essential to the formation of a stable ECM? It is known that collagens containing a 

high fraction of Hyp in the Yaa position are particularly stable,76,258 but the physicochemical 

basis for this stability was unclear. 

Determining the basis for the impact of Pro hydroxylation on collagen stability is difficult 

because the high molecular weight and insolubility of native collagen prevent high-resolution 

structural analysis of the protein in its native form. Elkan Blout and his coworkers were among 

the first to address this obstacle by employing the reductionist approach of using peptide mimics 
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of collagen, known as collagen-related peptides (CRPs), to reveal fundamental aspects of CTH 

b ·l· 259-261 sta 1 lty. 

The study of CRPs has led to a series of landmark discoveries regarding the structure and 

stability of natural collagen. Prockop and coworkers used CRPs to demonstrate that both the 

stereochemistry and location of Hyp residues are important for its stabilizing effect on CTHs, as 

illustrated by the T m values for CTH denaturation listed in Table 5.1.74
,75,77 CTHs with Hyp in the 

Yaa position are more stable than those with Pro, but Hyp in the Xaa position prevents CTH 

formation when the Yaa amino acid is pro. 17,74,126,127,130,131 

Table 5.1 Effect of 4-Hydroxyproline, 4-Fluoroproline, and 4-Methylproline Diastereomers on 
the Conformational Stability of Collagen Triple Helices 

(XaaYaaG1Y)n Tm (0C) Ref. 

(ProFlpG1Y)7 45 66 

(ProHypG1Y)7 36 66 

(flpProGly)7 33 67 

(ProMepG1Y)7 29 20 

(mepProG1Y)7 13 20 

(ProProG1Y)7 no helix 1I 

(ProHypGly)1O 69 68 

(ProProGly)1O 31-41 68.72 

(HypProGly)1O no helix 74 

(ProhypGly)1O no helix 75 

(hypProG ly)1O no helix 75 

In the last decade, we have demonstrated that the stability (or instability) conferred by Hyp 

derives from the manifestation of previously unappreciated stereoelectronic effects. We did so by 

installing functional groups at CY that mediate such effects, as well as reciprocal steric effects 

(Figure 5.1).20,112 For example, replacing Hyp with (2S,4R)-4-fluoroproline (Flp), which has the 

native-like stereochemistry, but not (2S,4S)-4-fluoroproline (flp) results in CTHs with markedly 
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P7' PR~ 
4. at a 
c"tcndo Cf-CXO 

Figure 5.1 Ring confonnations of 4-substituted prolines. The CY-endo confonnation is favored 
strongly by stereoelectronic effects when RI = H, R2 = F (flp) or CI (clp) and by steric effects 
when RI = Me (mep), R2 = H. The CY-exo confonnation is favored strongly by stereoelectronic 
effects when RI = OH (Hyp), F (Flp) or CI (Clp), R2 = H and by steric effects when RI = H, R2 = 
Me (Mep). 

enhanced stability (Table 5.1).66,68,88 This and other results revealed that a gauche ;effect in H yp 

and Flp mandates a CY-exo pucker in the pyrrolidine ring,8,66 which preorganizes the ¢, '1/, and OJ 

backbone torsion angles to those required for CTH assembly.66,89 (2S,4S)-4-Methylproline (Mep) 

achieves the same end by manifesting a steric rather than stereoelectronic effect (Figure 5.1; 

Table 5.1).20 (The pyrrolidine ring of Pro actually prefers two distinct twist, rather than envelope, 

confonnations. 14 As CY experiences a large out-of-plane displacement in these twisted rings, we 

refer to pyrrolidine ring confonnations simply as "CY-exo" and "CY-endo".) 

The CY -endo pucker of Pro derivatives in the Xaa position is favorable for CTH 

stability.20,67,262 This finding was presaged by Zagari and coworkers, who observed that pro lines 

in the Xaa position of high-resolution crystal structures of CRPs nearly always exhibit the 

CY-endo pucker.98 Consequently, substitution of flp or (2S,4R)-4-methylproline (mep) for Pro in 

the Xaa position of CRPs stabilizes the CTH (Table 5.1).20,67,71,99 Although the CY-endo pucker 

preorganizes the ¢ and 'l/angles to those required for CTH assembly, it does not pre organize the 

OJ angle because Pro derivatives with a CY-endo pucker have an enhanced preference for the cis 

peptide bond due to another stereoelectronic effect-an n~7r* interaction-described 

elsewhere,8,108-110,125,219 whereas all peptide bonds in collagen are trans. Despite its preference for 

the CY-endo pucker, (2S,4S)-4-hydroxyproline (hyp) in the Xaa position does not allow for the 
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fonnation of stable CTHs (Table 5.1 )/5 perhaps due to deleterious hydration absent from flp and 

mep or to idiosyncratic confonnational preferences. 

Thus, steric and stereoelectronic effects can endow great stability on CTHs.1,20,112 Beneficial 

preorganization prescribes that CTHs should be stabilized by Pro derivatives in the Xaa position 

that prefer the CY-endo pucker and by Pro derivatives in the Yaa position that prefer the CY-exo 

pucker. We reasoned that 4-chloro substitution, as in (2S,4S)-4-chloroproline (clp) and (2S,4R)-

4-chloroproline (Clp), could control Pro ring pucker and modulate collagen stability in much the 

same manner as does a 4-fluoro substitution (Figure 5.1). 

Chlorine and fluorine have similar physicochemical properties. Organic fluorine has an 

especially weak propensity to fonn hydrogen bonds.84 Hydrogen bonds to organic chlorine 

(e.g., O-H"'CI-C) can be slightly stronger, but are still relatively weak.263 Chlorine is the third-

most electronegative element after oxygen and fluorine (Xo = 3.5; XF = 4.0; XCI = 3.0).90 The 

inductive effect manifested by a chloro group is actually greater than that of a hydroxyl group 

and similar to that of a flu oro group (FoH = 0.33; FF = 0.45; FCl = 0.42).91 The stereoelectronic 

effect that controls Pro ring pucker can be regarded as a hyperconjugative effect,8 and natural 

bond order analysis suggests that o*C-Cl orbitals have a greater acceptor ability than do the 

corresponding o*C-F orbitals.264 Nevertheless, Pro ring pucker is controlled by competing 

stereoelectronic and steric effects,8,20 and chlorine has a significantly larger covalent radius than 

does fluorine (rF = 0.64 A; rCI = 0.77 A). Hence, it was not apparent a priori whether the 

electronegativity or the size of a 4-chloro substitution would dominate its effect on Pro ring 

pucker. 

4-Chloroproline residues have not been studied in detail in any context. A few chlorinated 

Pro moieties have been found in natural products, all of which are cyclic peptides.265 
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C 1 hI .. 266 d . A C267-270 h' h l' 'd' .Co p' '11' yc oc ontme an astms - , w IC are cyc IC pentapeptl e toxms lrom enzcl zum 

islandicum and Aster tataricus, respectively, contain a (2R,3S,4R)-3,4-dichloroproline moiety 

(which is a derivative of L-proline with all three substituents on the same side of the pyrrolidine 

ring). Likewise, (2S,3S,4R)-3-hydroxy-4-chloroproline is a component of astin 1.271 Lee et al. 

demonstrated that replacing the (2R,3S,4R)-3,4-dichloroproline moiety in cyclochlorotine with 

clp decreased its toxicity?72 Okumura and coworkers found that clp and especially Clp were 

incorporated readily into viridogrisein by Streptomyces griseoviridus G-89. 273 Mauger and 

Thomas reported that clp or Clp have different effects on the conformation of actinomycin.274 

Finally, Chiba and coworkers synthesized very late antigen-4 antagonists containing a clp or Clp 

residue.275 

To the best of our knowledge, the effects of 4-chloro substitution on Pro ring pucker and 

peptide-bond isomerization have not been described previously. Likewise, neither clp nor Clp 

have been incorporated in CRPs or other acyclic peptides. Here, we report on the effect of 

4-chloro substitution on the conformation of Pro rings, prolyl peptide-bond isomerization, and 

CTH stability. 

5.2 Results and Discussion 

5.2.1 Synthesis of 4-Chloroproline Residues 

Clp and clp derivatives appropriately protected for peptide synthesis were prepared from the 

corresponding hydroxyproline derivatives in 97% and 92% overall yield, respectively, via the 

route shown in Scheme 5.1. Boc-Hyp-OBn (5.1) and Boc-hyp-OBn (5.2) prepared as we 

described previouslyll were converted to Boc-clp-OBn (5.3) and Boc-Clp-OBn (5.4) via an 
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5.1: Rl = OH. R2 = H 
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5.3: R1 = H. R2 = CI, 92% 

5.4: R1 = CI, R2 = H. 97% 

I H2 Pd/C 

1. HClldioxane {-MeOH 
2. FmocOSu R1 

( R2L>-: NaHC03 aq) C02H 
dioxane N 

-4lloI(f--------
\ \ 

Fmoc Boc 
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5.S: R1 = CI, R2 = H, quant. 

Rl 
1

1. Ac-CI MeOH 
2. Ac-CI DMAP 

CH2CI2 

R2~ 
l..urC02Me 

N , 
Ac 

5.9: R1 = H, R2 = CI, 82% 
5.10: R1 = CI, R2 = H, 76% 
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Scheme 5.1 Synthesis of 4-chloroproline diastereomers for peptide syntheses and 
conformational analyses 

Appel reaction,276 which had been used previously for the synthesis of 4-chloroproline 

derivatives.275,277 Subsequent hydrogenolysis of the benzyl group and then exchange of the N-

Boc protecting group for an N-Fmoc protecting group afforded Fmoc-c1p-OH (5.7) and Fmoc-

Clp-OH (5.8). 

5.2.2 Ring Pucker and Ktranslcis of clp and Clp 

Compounds of the form Ac-Xaa-OMe are useful model systems for studying Pro ring 

conformation and peptide-bond isomerization, and have been employed both by our group and 

by others.5,8,20,110,201,219,278 To determine the effect of 4-chloro substitution on Pro ring pucker and 
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peptide-bond isomerization, we prepared Ac-clp-OMe (5.9) and Ac-Clp-OMe (5.10), as shown 

in Scheme 5.1. Acidic methanol was used to cleave the N-Boc group and introduce the methyl 

ester. 194 Subsequent treatment with acetyl chloride (l3C-Iabeled acetyl chloride was used to aid 

structural analysis, vide infra) and N,N-dimethylaminopyridine afforded the desired N-acetylated 

target compounds. 

Values of the peptide bond isomerization equilibrium constant (Ktrans/cis) for molecules of the 

type Ac-Xaa-OMe often correlate closely with Pro ring pucker. 111 Pro itself has a slight 

preference for the CY-endo ring pucker, and its Ktrans/cis = 4.6 in water.66 Our group has shown that 

the minimum-energy conformation of 4-substituted derivatives of Pro with Ktrans/cis > 4.6 is 

generally a CY-exo ring pucker, whereas those with Ktrans/cis :S 4.6 typically prefer a CY-endo ring 

pucker.8 Using I3C NMR spectroscopy, we determined that Ktrans/cis = 5.4 for Ac-Clp-OMe (5.10) 

and 2.2 for Ac-clp-OMe (5.9). 

We were able to obtain crystal structures of several 4-chloroproline derivatives. Crystalline 

c 

Ac-Hyp-OMe 

Figure 5.2 (A) Molecular drawing of crystalline Ac-Clp-OMe (5.10; 50% probability 
ellipsoids). (B) Conformation of crystalline 5.10 and Ac-Hyp-OMe5 depicted with the 
program PyMOL (Delano Scientific, Palo Alto, CA). 
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Figure 5.3 (A) Molecular drawing of crystalline Fmoc-clpClpGly-OH (5.15; 50% probability 
ellipsoids). (B) Conformation of crystalline 5.15 depicted with the program PyMOL (Delano 
Scientific, Palo Alto, CA). 

Ac-Clp-OMe (5.10) displayed the CY-exo ring pucker, as expected, and the same overall 

conformation as we observed previously in the crystal structure of Ac-Hyp-OMe (Figure 5.2).5 

Notably, the structure of Ac-Clp-OMe (5.10) indicates the presence of a strong n~7[* interaction 

between the amide oxygen and the ester carbonyl, as the Oi-I""C' distance is ~D = 2.80 A and 

the Oi-I'···C/=Oi angle is TBD = 94.10. This n~7[* interaction is known to stabilize the trans 

conformation of the amide bond.8,lo8-llo,219 Although we were unable to obtain a crystal structure 

of Ac-clp-OMe (5.9), we did obtain crystal structures of two related compounds, Fmoc-

cIpClpGly-OH (5.15) (Figure 5.3) and Boc-clp-OH (5.5) (Figure 5.4). In both cases, the cIp 

moiety displayed a prototypical CY-endo ring pucker, as expected. Structural parameters for 

crystalline Boc-cIp-OH (5.5), Fmoc-clpClpGly-OH (5.15), Ac-Clp-OMe (5.10), Ac-Pro-OMe,5 

and Ac-Hyp-OMe5 are listed in Table 5.2. 
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Table 5.2 Backbone Dihedral Anglesa of Crystalline Ac-Clp-OMe (5.10), Fmoc-c1pClpGly-OH 
(5.15), and Boc-c1p-OH (5.5) Derived from X-Ray Diffraction Analysis Compared to Those of 
Crystalline Ac-Hyp-OMe5 and Ac-Pro-OMe5 

Compound Ring Pucker ¢ If/ OJ OBD (A) 'BD (0) 

Ac-Clp-OMe (5.10) CY-exo -56.0 147.5 179.2 2.80 94.1 

Fmoc-XaaClpGly-OH (5.15) CY-exo -70.0 155.1 178.4 2.98 93.1 

Ac-Hyp-OMe CY-exo -56.9 150.8 178.9 2.82 9l.8 

Boc-c1p-OH (5.5) CY-endo -72.5 173.0 -0.3 

Fmoc-c1pYaaGly-OH (5.15) CY-endo -80.8 175.3 178.0 3.27 83.3 

Ac-Pro-OMe CY-endo -79 177 -3.1 

aFor both Ac-Clp-OMe 5.10 and Ac-Hyp-OMe there were two independent molecules in the asymmetric unit of the 
crystal. Values shown here are the averages for these two molecules. 

5.2.3 Synthesis afChlorinated CRPs 

With these results in hand, we suspected that Ac-Clp-OMe prefers the CY -exo ring pucker 

and Ac-c1p-OMe prefers the CY-endo ring pucker. Thus, we expected c1p to stabilize CTHs in the 

Xaa position and Clp to stabilize them in the Yaa position.] ,98 To test this hypothesis, we 

synthesized (c1pProGlY)7Ilo, (ProClpGlY)7Ilo, (ClpProGly)10, and (c1pClpGly)10. These CRPs 

were prepared by segment condensation of the tripeptides Fmoc-c1pProGly-OH (5.18), Fmoc-

ProClpGly-OH (5.13), Fmoc-ClpProGly-OH (5.20), and Fmoc-c1pClpGly-OH (5.15), 

respectively, on a solid phase. The Fmoc-protected tripeptides were synthesized as shown in 

A B 

~ j 
~' f 

... ':' ...•........ "' ... . 

. ... ' .... ~ ~', 

5.5 

Figure 5.4 (A) Molecular drawing of crystalline Boc-c1p-OH (5.5; 50% probability 
ellipsoids). (B) Conformation of crystalline 5.5 depicted with the program PyMOL (Delano 
Scientific, Palo Alto, CA). 
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Scheme 5.3 Synthesis ofFmoc-c1pProGly-OH (5.18) and Fmoc-ClpProGly-OH (5.20) 

Schemes 5.2 and 5.3 using pyBOp279 and PyBrop280 to effect the problematic couplings to c1p 

and Clp derivatives. 

5.2.4 Conformational Analysis of clp- and Clp-Containing CRPs 

Triple-helical CRPs have a signature circular dichroism (CD) spectrum with a small 

maximum near 225 nm and a large minimum near 205 nm. This CD spectrum is also 

characteristic of PPII conformations, but CTHs undergo a cooperative transition upon heating 
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Figure 5.5 Conformational analysis of c1p- and Clp-containing collagen-related peptides. (A, 
C, and E) Circular dichroism spectra of peptide solutions (0.2 mM in 50 mM HOAc) at 4 °C 
after incubating at :::;4 °C for 2:24 h. (B, D, and F) Effect of temperature on the molar 
ellipticity at 225 or 226 nm. Data were recorded at 3-oC intervals after a 5-min equilibration. 

and PPII structures do not. Therefore, we used CD spectroscopy to assess the impact of c1p and 

Clp on CTH structure and stability. 

The peptides (ProClpGlY)7, (ProClpGly)IO, and (ClpProGly)IO all possess the signature CD 

spectrum of PPII and triple-helical conformations (Figure 5.5A). Only two of those peptides, 

(ProClpGlY)7 and (ProClpGly)IO, undergo cooperative transitions upon heating with Tm values of 

23 and 52°C, respectively (Figure 5.5B; Table 5.3). Thus, our studies indicate that Clp does 

indeed stabilize CTHs in the Yaa position relative to Pro, although not quite to the same level as 

Hyp. When Clp is placed in the Xaa position of CRPs, even the long CRP (ClpProGly)IO does 

not form a CTH, as indicated by the linear decrease in ellipticity at 225 nm upon heating (Figure 

5.5B; Table 5.3). Thus, both the stereochemistry and position of Clp within CRPs are important 

for its stabilizing effect on CTHs. The self-association of (ProClpGly)IO at 4 °C was confirmed 

by sedimentation equilibrium. 
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The conformation and stability of c1p-containing CRPs was also studied by CD spectroscopy. 

The effect of c1p in the Xaa position on CTH stability is similar to that of Pro. Neither 

(ProProGlyh nor (c1pProGlYh forms a stable CTH. The failure of (c1pProGlYh to form a CTH is 

indicated by the linear decrease in ellipticity at 225 nm upon heating (Figure 5.5D), despite its 

CD spectrum demonstrating PPII structure at low temperature (Figure 5.5C). Nonetheless, the 

longer CRPs (ProProGly)\O and (c1pProGly)\O form CTHs with Tm values of 31-41 68
,72 and 33 

°C, respectively (Figures 5.5C and 5.4D; Table 5.3). The self-association of (c1pProGly)\O at 4 

°C was confirmed by sedimentation equilibrium. 

Table 5.3 Effect of 4-Chloroproline Diastereomers on the Conformational Stability of Collagen 
Triple Helices 

(XaaYaaG1Y)n Tm (0C) Ref. 

(ProHypG1y)10 69 68 

(ProC1pG1y)10 52 this work 

(clpProG1y)1O 33 this work 

(ProProG1y)1O 31-41 68.72 

(flpF1pG1y)1O 30 73 

(ProC1pG1Y)7 23 this work 

(clpProG1Y)7 <10 this work 

(ProProG1Yh <10 II 

(C1pProG1y)1O <10 this work 

(clpC1pG1y)1O <10 this work 

At least two issues must be considered when analyzing the impact of a 4-chloro substitution 

on Pro ring conformation. We have shown that Pro ring pucker, and thus Ktrans/cis for the peptide 

bond, is modulated by reciprocal steric and stereoelectronic effects.8
,20 Chlorine is both more 

electronegative than methyl and larger than fluorine. Therefore, its impact oli Pro ring pucker 

should lie somewhere between the extremes of the small, electron-withdrawing fluorine moiety 

and the large, electron-donating methyl moiety, both of which strongly enforce Pro pucker and 
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thus strongly stabilize (or destabilize) a CTH. 4-Chloroproline derivatives cannot be expected to 

endow the same degree of conformational stability on CTHs as do mep/Mep and flp/Flp, or even 

Hyp, because of the competing effects of chlorine's large size and high electronegativity on Pro 

ring conformation. Thus, the results for CTH stability of c1p- and Clp-containing CRPs (Table 

5.3) are in gratifying agreement with and reinforce our ideas about collagen strand 

preorganization. 

5.2.5 Conformational Analysis of (clpClpGly) fO 

As clp and Clp can be accommodated in the Xaa or Yaa position, respectively, of stable 

CTHs, it might be expected that the CRP (c1pClpGly)1O would form a stable CTH as well. 

Surprisingly, however, it is already known that CRPs of the type (flpFlpGlY)7I1o form 

significantly less stable CTHs than do the analogous (ProHypGlY)7IIo CRPS. II
,73 Previously, we 

suggested that this antagonism was due to a deleterious steric interaction between the fluorines of 

flp and Flp in neighboring strands (Figure 5.6A).1I In contrast, Kobayashi and coworkers argued 

Figure 5.6 Space-filling models of segments of triple helices constructed from the three
dimensional structure of a (ProHypGlY)n triple helix (PDB entry 1 CAG3

) by replacing the H 
or OH on Pro and Hyp with F or CI, respectively, using the program SYBYL (Tripos, St. 
Louis, MO) and depicting the images with the program PyMOL (Delano Scientific, Palo Alto, 
CA). (A) Segment of a (flpFlpGlY)n triple helix (rFoooF = 2.4 A).II (B) Segment of a 
(c1pClpGlY)n triple helix (rnooCl = 1.9 A). 
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that the instability of CTHs formed from (flpFlpGly) repeats disproved the preorganization 

theory of CTH formation, at least for doubly-substituted CRPs.73 We have since shown that 

peptides of the form (mepMepGlY)7 are more stable than both of the mono-substituted variants 

(mepProGlY)7 and (ProMepGlY)7,2o substantiating the importance of pre organization in doubly-

substituted CRPs. We sought to probe deleterious steric interactions in doubly-substituted CRPs 

again, now with chlorinated CRPs. 

We found that (c1pClpGly)1O CTHs do not form, even at low temperatures. The (c1pClpGly)1O 

CRP does possess a PPII-type structure at low temperature (Figure 5.5E), but does not fold into a 

stable CTH. This instability is demonstrated by the absence of a cooperative transition at 225 nm 

upon heating (Figure 5.5F) and by sedimentation equilibrium, which showed no self-assembly at 

low temperature. In contrast, (flpFlpGly)1O triple helices have a Tm of 30 oc.73 These findings 

suggest that the large size of chlorine relative to fluorine exacerbates the deleterious steric 

interaction between neighboring strands, as depicted in Figure S.6B. 4-Chloroproline derivatives 

are likely to have greater conformational flexibility than 4-fluoroproline derivatives, so if 

"locking" the Pro rings into a particular deleterious conformation were responsible for the 

instability of (flpFlpGlY)IO,73 then (c1pClpGly)1O CTHs should be stable. They are not, supporting 

our hypothesis II rather than that of Kobayashi and coworkers.73 

5.3 Conclusion 

Clp has a strong preference for the CY-exo ring pucker and the trans amide bond, whereas c1p 

prefers the CY -endo ring pucker and has a lower proportion of the trans amide bond. These results 

could explain the contrasting effects of c1p and Clp on the biosynthesis and activity of natural 

products?72-274 They further suggest that c1p has an appropriate conformation to stabilize 
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polyproline I-type strands whereas Clp should stabilize PPII strands, as was found previously for 

flp and Flp,116,117 as well as for the 4-azidoprolines. 1I8 Additionally, we have demonstrated that 

Clp in the Yaa position of CRPs confers nearly the same degree of stability to CTHs as does 

Hyp, but it prevents CTH formation when placed in the Xaa position. In contrast, clp behaves 

much like Pro in a triple-helical context, as (clpProGly)1O and (ProProGly)1O CTHs have similar 

thermal stabilities. CTHs do not form from the doubly-substituted CRP (clpClpGly)lO, in contrast 

to (ProProGly)1O and (flpFlpGly)1O CTHs. This instability is likely due to a strongly deleterious 

steric interaction between the chlorines in neighboring strands. An interesting attribute of clp-

and Clp-containing CTHs is that they could be modified covalently by the SN2 attack of 

nucleophiles at the halogenated carbon. Finally, we note the similarity of the active site and 

reactivity of mammalian P4 H, the enzyme responsible for hydroxylation of Pro residues in 

natural collagen,281 and the non-haem iron halogenase SyrB2,282 an enzyme responsible for the 

chlorination of unactivated carbon atoms.283 As Clp confers thermal stability on CTHs at a level 

similar to that of Hyp, it is possible that organisms evolving in an environment rich in chloride 

ions could evolve stable chlorinated collagens analogous to the hydroxylated collagens found in 

modem animals. The impact of chlorination rather than hydroxylation on the supramolecular 

structure of native collagen is a subject for future investigation. 
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5.5 Experimental 

5.5.1 General Considerations 

Commercial chemicals were of reagent grade or better, and were used without further 

purification. Anhydrous DMF and CH2Ch were obtained from CYCLE-TAINER® solvent 

delivery systems (1. T. Baker, Phillipsburg, NJ). Other anhydrous solvents were obtained in 

septum-sealed bottles. In all reactions using anhydrous solvents, glassware was either oven- or 

flame-dried. "NaHC03(aq)" and "brine" (i.e., NaCl) refer to saturated aqueous solutions unless 

specified otherwise. Flash chromatography was performed with columns of silica gel 60, 230-

400 mesh (Silicyc1e, Quebec City, Canada). HPLC was performed with gradients of solvent A 

(0.1 % v/v TFA in water) and solvent B (0.1 % v/v TFA in acetonitrile), as indicated. 

The term "concentrated under reduced pressure" refers to the removal of solvents and other 

volatile materials using a rotary evaporator at water aspirator pressure «20 torr) while 

maintaining the water-bath temperature below 50 DC. Residual solvent was removed from 

samples at high vacuum «0.1 torr). The term "high vacuum" refers to vacuum achieved by a 

mechanical belt-drive oil pump. 
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NMR spectra were acquired with a Bruker DMX-400 A vance spectrometer unless specified 

otherwise eH, 400 MHz; I3C, 100.6 MHz) at the NMRFAM. NMR spectra were obtained at 

ambient temperatures on samples dissolved in CDCh or MeOH-d4 • Coupling constants J are 

provided in Hertz. Compounds with a carbamate protecting group (e.g., Boc or Fmoc) exist as 

mixtures of Z and E isomers that do not interconvert on the NMR time scale at ambient 

temperatures. Accordingly, these compounds exhibit two sets ofNMR signals. 

Mass spectrometry was performed with either a Micromass LCT (electrospray ionization, 

ESI) in the Mass Spectrometry Facility in the Department of Chemistry or an Applied 

Biosystems Voyager DE-Pro (matrix-assisted laser desorption/ionization, MALDI) mass 

spectrometer in the UW-BIF. 

5.5.2 Synthesis ofBoc-clp-OBn (5.3) and Boc-Clp-OBn (5.4) 

5.5.2.1 General Protocol 

The appropriate protected 4-hydroxyproline derivative 5.1 or 5.2 (33.8 g, 105 mmol) was 

dissolved in anhydrous CH2Ch (115 mL) under Ar(g) and cooled to 0 °C. Triphenylphosphine 

(49.6 g, 189 mmol) and then CCl4 (153.8 g, 96 mL) were added. The reaction mixture was stirred 

at 0 °C for 3 h, then heated to 35°C for 2 h, and then cooled to rt and stirred for 45 min. The 

reaction mixture was concentrated under reduced pressure, and the residue was purified by flash 

chromatography over silica gel (20% v/v EtOAc in hexane). 

5.5.2.1.1 N-tert-Butyloxycarbonyl-(2S,4S)-4-chloroproline Benzyl Ester (5.3) 
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Boc-c1p-OBn (5.3) was obtained in 92% yield as a colorless liquid. IH NMR b: 1.34 and 1.46 

(s, 9H), 2.38 (dt, J = 5.2, 13.9, 1H), 2.64-2.78 (m, 1H), 3.65 (td, J = 4.7, 12.7, 1H), 3.88-4.01 

(m, 1H), 4.37 and 4.51 (m, 2H), 5.06-5.32 (m, 2H), 7.29-7.40 (m, 5H); I3C NMR b: 28.2,28.4, 

39.5,40.4,53.7,54.7,55.0,55.4,57.7,58.0,67.1, 80.6, 128.2, 128.5, 128.6, 128.6, 135.4, 135.6, 

153.3, 153.8, 171.3, 171.6. ESI-MS (m/z): [2M + Nat calcd for C34H44CbN20gNa 701.2; found 

701.9 (2 CI). 

5.5.2.1.2 N-tert-Butyloxycarbonyl-(2S,4R)-4-chloroproline Benzyl Ester (5.4) 

Boc-Clp-OBn (5.4) was obtained in 97% yield as a colorless liquid. IH NMR b: 1.36 and 

1.47 (s, 9H), 2.28-2.57 (m, 2H), 3.64-3.90 (m, 2H), 4.47 (m, 1H), 4.50 and 4.59 (t, J = 7.6, 1H), 

5.08-5.31 (m, 2H), 7.35 (m, 5H); I3C NMR (125 MHz) b: 28.3,28.5,39.8,40.8,55.3,55.5,55.6, 

55.7, 57.8, 58.0, 67.2, 80.8, 80.9, 128.3, 128.5, 128.6, 128.7, 128.8, 135.4, 135.7, 153.7, 154.2, 

172.1, 172.4; ESI-EMM (m/z): [2M + Nat calcd for C34H44CbN20gNa 701.2372; found 

701.2343 (2 Cl). 

5.5.3 Synthesis ofBoc-clp-OH (5.5) and Boc-Clp-OH (5.6) 

5.5.3.1 General Protocol 

MeOH (400 mL) was added carefully to a mixture of the appropriate 4-chloroproline 

derivative 5.3 or 5.4 (31.8 g, 93.6 mmol) and Pd/C (10% w/w, 10.4 g) under Ar(g) , and the 

resulting black suspension was stirred under H2(g) for 23 h. The suspension was filtered through 

a Ce1ite® pad and concentrated under reduced pressure. 
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5.5. 3.1.1 N-tert-Butyloxycarbonyl-(2S,4S)-4-chloroproline (5.5) 

Boc-c1p-OH (5.5) was obtained in quantitative yield as a white solid. IH NMR c5: 1.44 and 

1.49 (s, 9H), 2.37-2.85 (m, 2H), 3.56-3.72 (m, 1H), 3.84-4.04 (m, 1H), 4.32-4.51 (m, 2H), 8.22 

(bs, 1H); I3C NMR (125 MHz) c5: 28.3, 28.4, 38.8, 40.3, 53.6, 54.5, 54.9, 55.7, 57.9, 81.3, 81.8, 

153.6, 155.3, 175.2, 177.2; ESI-EMM (mlz): [M - Hr ca1cd for C IOH 1SClN02 248.0690; found 

248.0694 (1 Cl). 

5.5.3.1.2 N-tert-Butyloxycarbonyl-(2S,4R)-4-chloroproline (5.6) 

Boc-Clp-OH (5.6) was obtained in quantitative yield as a white solid. IH NMR c5: 1.44 and 

1.50 (s, 9H), 2.38-2.72 (m, 2H), 3.70-3.83 (m, 2H), 4.49 (m, 1H), 4.57 (t, J = 7.2, 1H); I3C 

NMR (125 MHz) c5: 28.3,28.4, 38.9,40.7, 55.3, 55.4, 55.9, 57.8, 58.0, 81.3, 82.5, 153.6, 156.4, 

174.4, 177.9; ESI-EMM (mlz): [M - Hr ca1cd for C IOH1sClN02 248.0690; found 248.0680 (1 

C1). 

5.5.4 Synthesis ofFmoc-clp-OH (5.7) and Fmoc-Clp-OH (5.8) 

5.5.4.1 General Protocol 

The appropriate 4-chloroproline derivative 5.5 or 5.6 (22.6 g, 90.3 mmo1) was dissolved in 4 

N HCl in dioxane (550 mL) under Ar(g) and stirred for 3 h. The resulting solution was 

concentrated under reduced pressure. The free amine was dissolved in 10% w/v NaHC03(aq) 

(375 mL). A solution of Fmoc-OSu (33.5 g, 99.3 mmo1) in dioxane (600 mL) was added, and the 

resulting white suspension was stirred for 19 h. The reaction mixture was concentrated under 

reduced pressure, and the aqueous solution was diluted with water (300 mL) and washed with 
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ether (3 x 500 mL). The aqueous layer was acidified to pH 1.5 with 12 N HCI, extracted with 

ether (3 x 500 mL), dried over anhydrous MgS04(S), and concentrated under reduced pressure. 

5.5.4.1.1 N-9-Fluorenylmethyloxycarbonyl-(2S, 4S)-4-chloroproline (5.7) 

Fmoc-clp-OH (5.7) was obtained in quantitative yield as a white solid. lH NMR (500 MHz) 

b: 2.42-2.77 (m, 2H), 3.63-3.76 (m, IH), 3.85-4.04 (m, IH), 4.13-4.62 (m, 5H), 7.27-7.45 (m, 

4H), 7.50-7.62 (m, 2H), 7.69-7.80 (m, 2H); l3C NMR (125 MHz) b: 38.7,40.4,47.2,53.8,54.6, 

55.7, 57.4, 58.2,67.8, 68.3, 120.2, 125.0, 125.1, 127.3, 127.9, 128.0, 141.5, 143.6, 143.8, 154.3, 

155.5, 174.6, 176.0; ESI-EMM (mlz): [M + Nat calcd for C2oH1SCIN04Na 394.0822; found 

394.0828 (1 CI). 

5.5.4.1.2 N-9-Fluorenylmethyloxycarbonyl-(2S,4R)-4-chloroproline (5.8) 

Fmoc-Clp-OH (5.8) was obtained in quantitative yield as a white solid. lH NMR (500 MHz) 

b: 2.35-2.68 (m, 2H), 3.83 (m, 2H), 4.11-4.67 (m, 5H), 7.13 (bs, IH), 7.23-7.45 (m, 4H), 7.49-

7.62 (m, 2H), 7.74 (m, 2H); l3C NMR (125 MHz) b: 39.3,40.8,47.2,47.3,55.0,55.5,55.7,56.0, 

57.3,58.0,68.0,68.3, 120.1, 120.2, 124.9, 125.1, 127.2, 127.3, 127.8, 128.0, 141.4, 143.6, 146.7, 

144.0, 154.5, 155.8, 175.2, 176.8; ESI-EMM (mlz): [M + Nat calcd for C2oH1SCIN04Na 

394.0822; found 394.0812 (1 Cl). 

5.5.5 Synthesis of Ac-clp-OMe (5.9) and Ac-Clp-OMe (5.10) 

5.5.5.1 General Protocol 
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The appropriate 4-chloroproline derivative 5.5 or 5.6 (107 mg, 0.4 mmol) was dissolved in 

anhydrous MeOH (8 mL) and cooled to 0 DC. Acetyl chloride (8 mL) was added dropwise and 

the resulting solution was stirred for 7 h at r1. The solution was concentrated under reduced 

pressure and dried overnight under high vacuum. The residue was dissolved in anhydrous 

CH2Ch (20 mL) under Ar(g). DMAP (397 mg, 3.3 mmol) and acetyl chloride (250 mg, 3.1 

mmol) were added, and the resulting solution was stirred for 22 h. The reaction mixture was 

concentrated under reduced pressure, and the residue was dissolved in 10% w/v aqueous citric 

acid (40 mL). The aqueous solution was extracted with CH2Ch (2 x 75 mL), which was then 

dried over anhydrous MgS04(S), and concentrated under reduced pressure. The residue was 

purified by flash chromatography over silica gel (10% v/v hexane in EtOAc to elute byproducts 

and then 15% v/v MeOH in EtOAc to elute product). 

5.5.5.1.1 N-(AcetylJ-(2S,4S)-4-chloroproline Methyl Ester (5.9) 

Ac-c1p-OMe (5.9) was obtained in 82% yield as a fragrant, colorless oil. IH NMR <5: 2.02 and 

2.08 (2 s, 3H), 2.30-2.38 (m, 0.7H), 2.62-2.79 (m, 1.3H), 3.73 and 3.78 (2 s, 3H), 3.72-3.82 (m, 

IH), 3.97-4.06 (m, IH), 4.38-4.49 (m, 1.3H), 4.58 (dd, J = 5.2, 8.8, 0.7H); \3C NMR <5: 22.1, 

22.4,39.0,41.1,52.6,52.9,54.2,54.5,55.8,56.2,57.4, 58.8,169.2,170.0,171.4,171.4; ESI-

EMM (m/z): [M + Ht calcd for CsH\3N03 205.0584; found 205.0582 (1 Cl). 

5.5.5.1.2 N-(Acetyl)-(2S,4R)-4-chloroproline Methyl Ester (5.10) 

Ac-Clp-OMe (5.10) was obtained in 76% yield as a fragrant, colorless oil. IH NMR <5: 1.99 

and 2.08 (2 s, 3H), 2.31-2.69 (m, 2H), 3.74 and 3.78 (2 s, 3H), 3.69-3.85 (m, IH), 4.03 (dd, J = 

5.0, 11.4, IH), 4.45-4.67 (m, 2H); \3C NMR <5: 21.7, 22.3, 39.3, 41.4, 52.6, 53.0, 54.4, 55.2, 
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55.7, 56.7, 57.4, 58.6, 169.4, 170.0, 172.1, 172.4; ESI-EMM (mlz): [M + Nat calcd for 

C8H I2N03Na 205.0403; found 205.0403 (1 CI). 

5.5.6 Synthesis ofN-tert-Butyloxycarbonyl-(2S,4R)-4-chloroprolylglycine Benzyl Ester (5.11) 

Boc-Clp-OH (5.6) (23.3 g, 93.2 mmol), glycine benzyl ester tosylate (40.9 g, 121.2 mmol), 

and PyBOP (48.5 g, 93.2 mmol) were dissolved in anhydrous CH2Ch (400 mL) under Ar(g). 

DIEA (30.1 g, 233 mmol) was added slowly, and the resulting solution was stirred for 16 h. The 

reaction mixture was washed with 10% w/v aqueous citric acid (2 x 1.0 L), dried over anhydrous 

MgS04( s), and concentrated under reduced pressure. The crude oil was purified by flash 

chromatography over silica gel (gradient: 33% v/v EtOAc in hexane to 50% v/v EtOAc in 

hexane) to afford Boc-ClpGly-OBn (5.11) (29.8 g, 75.1 mmol, 81 %) as a colorless, sticky paste. 

IH NMR 6: 1.47 (s, 9H), 2.25-2.80 (m, 2H), 3.70 and 3.92 (m, 2H), 4.01-4.16 (m, 2H), 4.41-

4.59 (m, 2H), 5.18 (s, 2H), 6.61 (m, O.3H), 7.36 (m, 5H); 13C NMR 6: 28.4, 38.2,41.0,41.3, 

41.6, 55.7, 55.9, 58.6, 59.8, 67.3, 67.5, 81.6, 128.5, 128.7, 128.8, 135.3, 157.1, 166.8, 169.5, 

171.3; ESI-EMM (mlz): [M + Nat calcd for CI9H2sCIN20sNa, 419.1350; found, 419.1335 

(1 CI). 

5.5.7 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S)-prolyl-(2S,4R)-4-chloroprolylglycine 

Benzyl Ester (5.12) 

Boc-ClpGly-OBn (5.11) (1.00 g, 2.5 mmol) was dissolved in 4 N HCl in dioxane (30 mL) 

under Ar(g) and stirred for 2 h. The resulting solution was concentrated under reduced pressure 

and the residue dissolved in anhydrous DMF (50 mL) under Ar(g). DIEA (1.20 g, 9.3 mmol) was 

added, followed by Fmoc-Pro-OPfp (2.67 g, 5.3 mmol). The solution was stirred for 18 hand 
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then concentrated by rotary evaporation under high vacuum. Flash chromatography over silica 

gel (gradient: 20% v/v EtOAc in hexane to 30% v/v EtOAc in hexane) afforded 5.12 (1.10 g, 

1.8 mmol, ~ 71 %) as a white solid containing an impurity that was removed after the subsequent 

step. 

5.5.8 PyBroP Couplings 

5.5.8.1 General Protocol 

The appropriate Boc-YaaGly-OBn derivative 5.11 or 5.1615 (52.5 mmol) was dissolved in 4 

N HCl in dioxane (700 mL) under Ar(g) and stirred for 2 h. The resulting solution was 

concentrated under reduced pressure, dried under high vacuum and the residue dissolved in 

anhydrous CH2Ch (800 mL) under Ar(g). The appropriate 4-chloroproline derivative 5.7 or 5.8 

(52.5 mmol) was added, and the resulting solution was cooled to 0 CC. PyBroP (24.5 g, 

52.5 mmol) and DIEA (23.8 g, 184 mmol) were added. The resulting solution was allowed to 

warm slowly to rt and then stirred for 18 h. The reaction mixture was washed with 10% w/v 

aqueous citric acid (1.0 L), NaHC03(aq) (1.0 L), and brine (1.0 L). The organic layer was dried 

over anhydrous MgS04(S), and concentrated under reduced pressure. The residue was purified by 

flash chromatography over silica gel (gradient: 30% v/v EtOAc in hexane to 90% v/v EtOAc in 

hexane). 

5.5.8.1.1 N-9-Fluorenylmethyloxycarbonyl-(2S, 4S)-4-chloroprolyl-(2S, 4R)-4-chloroprolylglycine 

Benzyl Ester (5.14) 
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Fmoc-c1pClpGly-OBn (5.14) was obtained in 67% yield as a white solid containing a slight 

impurity that was removed after the next step. ESI-EMM (mlz): [M + Nat calcd for 

5.5.B.1.2 N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-chloroprolyl-(2S)-prolylglycine Benzyl 

Ester (5.17) 

Fmoc-c1pProGly-OBn (5.17) was obtained in 82% yield as a white solid containing a slight 

impurity that was removed after the next step. ESI-EMM (mlz): [M + Nat calcd for 

5.5. B.1. 3 N-9-Fluorenylmethyloxycarbonyl-(2S, 4R)-4-chloroprolyl-(2S)-prolyl-glycine Benzyl 

Ester (5.19) 

Fmoc-ClpProGly-OBn (5.19) was obtained in 72% yield as a white solid containing a slight 

impurity that was removed after the next step. ESI-EMM (mlz): [M + Nat calcd for 

5.5.9 Hydrogenolysis oJBenzyl Groups on Protected Tripeptides 

5.5.9.1 General Protocol 

MeOH (400 mL) was added carefully to a mixture of the appropriate Fmoc-protected 

tripeptide benzyl ester 5.12, 5.14, 5.17, or 5.19 (34.6 mmol) and PdlC (10% w/w, 9.6 g) under 

Ar(g). The resulting black suspension was stirred under H2(g) for ~4 h. Careful monitoring by 

TLC was necessary to prevent hydrogenolysis of the Fmoc group. The suspension was filtered 



183 
through a Celite® pad and concentrated under reduced pressure. The crude product was purified 

by flash chromatography over silica gel (EtOAc to elute byproducts, then 12% v/v MeOH in 

CH2Ch containing 0.1 % v/v formic acid). The fractions containing the reaction product were 

concentrated under reduced pressure and the formic acid was removed by dissolving the residue 

in 10% v/v MeOH in toluene and concentrating under reduced pressure. 

5. 5.9.1.1 N-9-Fluorenylmethyloxycarbonyl-(2S)-prolyl-(2S, 4R)-4-chloroprolylglycine (5.13) 

Fmoc-ProClpGly-OH (5.13) was obtained in 67% yield as a white solid. l3C NMR (125 

MHz, MeOH-d4) <5: 24.1, 25.2, 30.1, 31.0, 40.1, 42.1, 47.9, 56.7, 57.0, 57.3, 57.4, 59.3, 59.7, 

59.9,60.2,60.3,68.4,68.7, 120.9, 126.1, 126.2, 126.3, 128.2, 128.4, 128.8, 142.5, 142.6, 145.0, 

145.1, 145.4, 145.5, 156.2, 156.6, 173.3, 173.3, 173.5, 173.7; ESI-EMM (mlz): [M - HT ca1cd 

for C27H27CIN30 6, 524.1589; found, 524.1586 (1 Cl). 

5.5.9.1.2 N-9-Fluorenylmethyloxycarbonyl-(2S, 4S)-4-chloroprolyl-(2S, 4 R)-4-chloroprolylglycine 

(5.15) 

Fmoc-clpClpGly-OH (5.15) was obtained in 66% yield as a white solid. l3C NMR (125 

MHz, MeOH-d4) <5: 39.6, 40.0, 40.1, 40.5, 41.9, 53.2, 53.6, 55.6, 56.1, 56.8, 57.1, 57.4, 58.5, 

58.8,60.3,60.4,68.8,68.9, 120.9, 126.1, 126.3, 128.2, 128.4, 128.7, 128.7, 142.5, 142.5, 142.6, 

142.7, 144.9, 145.0, 145.3, 145.4, 156.7, 156.0, 172.1, 172.2, 172.6, 173.4, 173.6; ESI-EMM 

(mlz): [M + Nat ca1cd for C27H27ChN306Na, 582.1175; found, 582.1157 (2 Cl). 

5.5.9.1. 3 N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-chloroprolyl-(2S)-prolylglycine (5.18) 
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Fmoc-clpProGly-OH (5.18) was obtained in 57% yield as a white solid. I3C NMR (125 MHz, 

MeOH-d4) J: 24.1, 25.7, 25.9, 28.6, 30.1, 30.3, 37.8, 40.3, 41.8, 46.5, 53.0, 53.5, 55.2, 55.5, 

56.0, 56.3, 58.3, 58.7, 59.8, 61.3, 61.6, 67.7, 68.9, 120.9, 125.7, 125.9, 126.1, 128.2, 128.9, 

142.5, 142.6, 144.9, 145.0, 145.3, 145.5, 155.6, 155.9, 167.7, 169.2, 171.9, 172.1, 172.6, 174.4, 

174.6; ESI-EMM (mlz): [M + Nat calcd C27H2sCIN306Na, 548.1564; found, 548.1561 (1 CI). 

5.5.9.1.4 N-9-Fluorenylmethyloxycarbonyl-(2S, 4R)-4-chloroprolyl-(2S)-prolylglycine (5.20) 

Fmoc-ClpProGly-OH (5.20) was obtained in 58% yield as a white solid. I3C NMR (125 

MHz, MeOH-d4) J: 24.2, 25.7, 25.9, 28.6, 30.1, 30.4, 39.1, 40.4, 41.0, 42.1, 46.3, 47.9, 56.1, 

56.8, 57.1, 57.3, 57.4, 57.7, 58.0, 58.2, 59.9, 61.4, 61.7, 67.7, 68.9, 121.0, 125.7, 125.9, 126.1, 

128.2,128.3,128.9,142.6,142.7,144.8,145.0,145.2, 145.5, 156.1,156.4,168.0,168.6,172.2, 

172.4, 174.2, 174.5; ESI-EMM (mlz): [M + Nat calcd C27H2sC1N306Na, 548.1564; found, 

548.1578 (1 CI). 

5.5.10 Measurement of Ktranslcis Values of Ac-clp-OMe (5.9) and Ac-Clp-OMe (5.10) 

13C-Iabeled versions of Ac-clp-OMe (5.9) and Ac-Clp-OMe (5.10) (5-10 mg) were dissolved 

in D20 with sufficient MeOH-d4 added to solubilize the compound «20% of total volume). 13C 

NMR spectra were recorded using an inverse-gated decoupling pulse program with a relaxation 

delay of 100 sec and a pulse width of 1 0 ~sec. The spectral baselines were corrected and peaks 

corresponding to the labeled carbon were integrated using the software program NUTS. 195 

Values of Ktrans/cis were determined by the relative areas of the trans and cis peaks for the labeled 

carbons. 
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5.5.11 Protocol for Attachment of Fmoc-ProClpGly-OH (5.13), Fmoc-clpClpGly-OH (5.15), 

Fmoc-clpProGly-OH (5.18), and Fmoc-ClpProGly-OH (5.20) to 2-Chlorotrityl Resin 

Under Ar(g), 23 mg of 2-chlorotrityl resin (loading: 1.6 mmol/g) was swelled in anhydrous 

CH2Ch (0.7 mL) for 5 min. A solution of the appropriate Fmoc-protected tripeptide 5.13, 5.15, 

5.18, or 5.20 (0.034 mmol) and DIEA (17 mg, 0.13 mmol) in anhydrous CH2Ch (0.7 mL) was 

added by syringe. Additional anhydrous CH2Ch (0.5 mL) was used to ensure complete transfer. 

After 2 h, anhydrous MeOH (0.2 mL) was added to cap any remaining active sites on the resin. 

The resin-bound peptide was isolated by gravity filtration, washed with several portions of 

CH2Ch (~25 mL), and dried under high vacuum. Loadings were measured by an Fmoc-

deprotection ultraviolet spectroscopy assai 96 to be 0.44 mmol/g for 5.13, 0.55 mmol/g for 5.15, 

0.35 mmol/g for 5.18, and 0.48 mmol/g for 5.20. 

5.5.12 Synthesis of(ProClpGlyh, (clpProGlyh, (ProClpGly)JO, (clpProGly)JO, (clpClpGly)JO, and 

(ClpProGly) 10 

The two 21-mer peptides and the four 30-mer peptides were synthesized by segment 

condensation of their corresponding Fmoc-tripeptides (5.13, 5.15, 5.18, and 5.20) on a solid 

phase using an Applied Biosystems Synergy 432A Peptide Synthesizer at the University of 

Wisconsin-Madison Biotechnology Center. The first trimer was loaded onto the resin as 

described above. Fmoc-deprotection was achieved by treatment with 20% (v/v) piperidine in 

DMF. The trimers (3 equiv) were converted to active esters by treatment with HBTU, HOBt, and 

DIEA. Extended couplings (30-60 min) were employed at rt. 

Peptides were cleaved from the resin in 95:3:2 TFA:TIPS:H20 (1.5 mL), precipitated from t-

butylmethylether at 0 DC, isolated by centrifugation, and lyophilized. Semi-preparative HPLC 
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was used to purify the peptides (ProClpGlY)7 (Dynamax C-18 column, gradient: 10% B to 65% 

B over 50 min), (clpProGly)7 (Dynamax C-18 column, gradient: 10% B to 65% B over 50 min), 

(ProClpGly)1O (Zorbax C-8 column, gradient: 10% B to 65% B over 60 min), (clpProGly)1O 

(Zorbax C-8 column, gradient: 10% B to 90% B over 60 min), (clpClpGly)1O (Zorbax C-8 

column, gradient: 10% B to 90% B over 60 min), and (ClpProGly)1O (Zorbax C-8 column, 

gradient 10% B to 65% B over 60 min). All six peptides were >90% pure by analytical HPLC 

and MALDI-TOF mass spectrometry (mlz) [M + Ht calcd for CS4H122Cl7N21022 2020; found 

2019 for (ProClpGlY)7; [M + Nat ca1cd for C84HI2IChN2INa022 2044; found 2041 for 

(clpProGlY)7; [M + Nat calcd for C120HI62CllON30031Na 2900; found 2900 for (ProClpGly)lO, 

2897 for (clpProGly)10, and 2899 (ClpProGly)10; [M + Nat ca1cd for C12oH153ChoN30031Na 

3244; found 3242 for (clpClpGly)lO. 

5.5.13 Circular Dichroism Spectroscopy of (ProClpGlyh, (clpProGlyh, (ProClpGly)10, 

(clpProGly)JO, (clpClpGly)Jo, and (ClpProGlY)Jo 

Peptides were dried under vacuum for at least 24 h before being weighed and dissolved to 

0.2 mM in 50 mM acetic acid (pH 3.0). The solutions were incubated at :S4 DC for 2:24 h before 

CD spectra were acquired with an Aviv 202SF spectrometer at the UW-BIF. Spectra were 

measured with a I-nm band-pass in cuvettes with a O.I-cm pathlength. The signal was averaged 

for 3 sec during wavelength scans and 5 sec during denaturation experiments using a 0.6-DC 

temperature deadband. During denaturation experiments, CD spectra were acquired at intervals 

of 3 DC. At each temperature, solutions were equilibrated for 5 min before data acquisition. 

Values of Tm were determined by fitting the molar ellipticity at 225 nm for (ProClpGlY)7 and 
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(c1pProGlY)7 or 226 nm for the other four peptides to a two-state mode1. 197 Tm values were 

determined in triplicate. 

5.5.14 Sedimentation Equilibrium Experiments on (clpProGly)]O, (ProClpGly)]O, and 

(clpClpGly)]O 

The self-assembly of the peptides (c1pProGly)\0, (ProClpGly)\0, and (c1pClpGly)\O was 

evaluated by sedimentation equilibrium experiments performed with a Beckman XL-A analytical 

ultracentrifuge at the UW-BIF. Samples were diluted to approximately 0.1 mM in 50 mM 

potassium phosphate buffer (pH 3) and equilibrated at ::;4 °C for 2:24 h. Equilibrium data were 

collected at multiple speeds at both 4 and 37°C. Gradients were monitored at 232 nm. Solvent 

densities of 1.00494 and 0.99800 g/mL at 4 and 37°C, respectively, were measured by an Anton 

Paar DMA5000 density meter. Partial specific volumes (PSVs) for (c1pProGly)\O, (ProClpGly)lO 

and (c1pClpGly)lO were calculated based on amino acid content with corrections applied for 

chlorine atoms. 198 A PSV of 0.682 cm3/g was used for (c1pProGly)\O and (ProClpGly)\O and a 

PSV of 0.646 cm3/g was used for (c1pClpGly)10. Data at multiple speeds at each temperature 

were globally fit as either a single species or as a mixture of monomer and trimer using programs 

written for IgorPro (Wavemetrics) by Dr. Darrell R. McCaslin (UW-BIF). 

A log plot of absorbance versus the square of the distance from the center of rotation is 

shown in Figure 5.7. The slope at any point is proportional to the weight-averaged molecular 

weight, provided that the extinction coefficients per unit mass of assembled and monomeric 

peptides are equivalent. Curvature in such plots demonstrates the presence of multiple species. 
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The sedimentation equilibrium results at 37°C are consistent with a single monomeric 

species for (clpClpGly)\O (Tm < 10°C) and (clpProGly)\O (Tm = 33°C; best fits shown in 

Figure 5.7). In contrast, (ProClpGly)\O (Tm = 52°C) contains both monomer and trimer in 

solution at 37 °C (best fit shown in Figure 5.7). At 4°C, the dramatic change in gradient for 

(clpProGly)\O and (ProClpGly)\O demonstrates assembly of these species. The best fit shown at 4 

°C for these peptides (Figure 5.7) is based on a mixture of monomer and trimer. The data at 4 °C 

for (clpClpGly)\O indicate a complete lack of assembly for the peptide even at this low 

temperature. The best fit of the data for (clpClpGly)\O at 4 °C is for a solution of monomer 

(Figure 5.7). 

5.5.15 X-Ray Crystallography 

48 49 50 51 

Radial Position (cm2) 

Figure 5.7 Sedimentation equilibrium data for clp- and Clp-containing peptides. Data for 
(clpProGly)\O (blue circles), (ProClpGly)\O (black circles), and (clpClpGly)\O (red circles) at a 
rotor speed of24,000 rpm are displayed (for clarity, every other data point is shown). Equilibrium 
data were collected at 4°C (filled circles) and 37°C (open circles). Gradients were monitored at 
232 nm. Best fits shown are for solutions containing both trimer and some monomer at 4 °C for 
(clpProGly)\O and at 4 and 37°C (ProClpGly)\O. Best fits shown are for solutions containing only 
monomer at 37°C for (clpProGly)\O and at 4 and 37°C for (clpClpGly)\O. 
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5.5.15.1 Structure Determination of Boc-clp-OH (5.5) 

The crystals of Boc-clp-OH (5.5) used for X-ray structure determination were obtained by 

dissolving the white solid in a minimum of CH2Ch and allowing the solvent to slowly evaporate. 

Crystals suitable for X-ray crystallography grew over the course of one week. 

X-ray intensity data were collected on a Bruker CCD-1000 diffractometer with Mo Ka (I-, = 

0.71073 A) radiation at 105(2) K with the diffractometer to crystal distance of 4.9 cm. 

Preliminary indexing was carried out for the determination of cell constants. This indexing 

consisted of three series of CD scans at different initial angles with each series consisting of 20 

frames at intervals of 0.30 with the exposure time of lOs per frame. The reflections were indexed 

by an automated indexing routine built in the SMART program. Data were collected by using the 

full sphere data collection routine to a resolution of 0.80 A. The intensity data was then 

corrected for absorption and Lorentz and polarization effects. Structure solution and refinement 

was carried out using SHELXTL V.6.l 0.200 Data related to the structure of 5.5 are presented in 

Tables 5.4-5.9. 

5.5.15.2 Structure Determination of Ac-Clp-OMe (5.10) 

The crystals of Ac-Clp-OMe (5.10) used for X-ray structure determination were obtained by 

dissolving the colorless oil in a minimum of ethyl acetate and equilibrating with a reservoir of 

hexanes. Crystals suitable for X-ray crystallography grew slowly over the course of two months. 

A colorless crystal of Ac-Clp-OMe (5.10) with approximate dimensions 0.45 x 0.34 x 0.32 mm3 

was selected under oil under ambient conditions and attached to the tip of a Micromount©. The 

crystal was mounted in a stream of cold N2(g) at (105 ±2) K and centered in the X-ray beam by 
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using a video camera. The crystal evaluation and data collection were performed on a Bruker 

CCD-lOOO diffractometer with Mo Ku (A = 0.71073 A) radiation and a diffractometer-to-crystal 

distance of 4.9 cm. 

The initial cell constants were obtained from three series of OJ scans at different starting 

angles. Each series consisted of 20 frames collected at intervals of 0.30 in a 6°-range about OJ 

with the exposure time of 10 s per frame. A total of 128 reflections were obtained. The 

reflections were successfully indexed by an automated indexing routine built in the SMART 

program. The final cell constants were calculated from a set of 6231 strong reflections from the 

actual data collection. 

The data were collected by usmg the full-sphere data collection routine to survey the 

reciprocal space to the extent of a full sphere to a resolution of 0.73 A. A total of 26757 data 

were harvested by collecting three sets of frames with 0.40 scans in OJ and one set with 0.5 0 scans 

in qJ with an exposure time 31 s per frame. These highly redundant datasets were corrected for 

Lorentz and polarization effects. The absorption correction was based on fitting a function to the 

empirical transmission surface as sampled by multiple equivalent measurements.zoo 

The systematic absences in the diffraction data were uniquely consistent for the space group 

P2]2]2] that yielded chemically reasonable and computationally stable results of refinement. 284 A 

successful solution by the direct methods provided most non-hydrogen atoms from the E-map. 

The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles 

and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic 

displacement coefficients. All hydrogen atoms were included in the structure factor calculation at 

idealized positions and were allowed to ride on the neighboring atoms with relative isotropic 
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displacement coefficients. The absolute configurations of C4 and C12 were confirmed to be R 

and C6 and C14 were confirmed to be S. 

The final least-squares refinement of239 parameters against 4851 data resulted in residuals R 

(based on F2 for 12 20) and wR (based on F2 for all data) of 0.0411 and 0.0981, respectively. 

The final difference Fourier map was featureless. Data related to the structure of 5.10 are 

presented in Tables 5.10-5.15. 

5.5.15.3 Structure Determination oJFmoc-clpClpGly-OH (5.15) 

The crystals of Fmoc-clpClpGly-OH (5.15) used for X-ray structure determination were 

obtained by dissolving the white solid in a minimum of CDCh and allowing the solvent to 

slowly evaporate. Crystals suitable for X-ray crystallography grew over the course of three 

weeks. The crystal evaluation and data collection were performed on a Bruker SMART APEXII 

diffractometer with Cu Ku (A = 1.54178 A) radiation and the diffractometer to crystal distance of 

4.03 cm. The initial cell constants were obtained from three series of ffi scans at different starting 

angles. Each series consisted of 50 frames collected at intervals of 0.50 in a 250 range about ffi 

with the exposure time of 5 seconds per frame. The reflections were successfully indexed by an 

automated indexing routine built in the SMART program. The final cell constants were 

calculated from a set of 9430 strong reflections from the actual data collection. 

The data were collected by using the full sphere data collection routine to survey the 

reciprocal space to the extent of a full sphere to a resolution of 0.82 A. A total of 24834 data 

were harvested by collecting 18 sets of frames with 0.50 scans in OJ and I!f with an exposure time 

10-20 sec per frame. These highly redundant datasets were corrected for Lorentz and 

polarization effects. The absorption correction was based on fitting a function to the empirical 
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transmission surface as sampled by multiple equivalent measurements.200 The systematic 

absences in the diffraction data were consistent for the space group C2 that yielded chemically 

reasonable and computationally stable results of refinement. 284 

A successful solution by the direct methods provided most non-hydrogen atoms from the 

E-map. The remaining non-hydrogen atoms were located in an alternating series of least-squares 

cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic 

displacement coefficients. All hydrogen atoms were included in the structure factor calculation 

at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic 

displacement coefficients. The absolute configuration was unequivocally established. There is 

one intermolecular hydrogen bonding interaction ofthe type O-H···O. 

There is solvent present in the asymmetric unit. Option SQUEEZE of program 

PLATON285 was used to correct the diffraction data for diffuse scattering effects and to attempt 

to identify the solvate molecule. PLA TON calculated the upper limit of volume that can be 

occupied by the solvent to be 682.1 A3
, or 21.8% of the unit cell volume. The program 

calculated 178 electrons in the unit cell for the diffuse species. This approximately corresponds 

to 45 electrons per molecule in the asymmetric unit. It was not possible to identify the type of 

solvent molecule present in the lattice due to the multitude of solvents that the sample was 

exposed to (hexane, chloroform, dichloromethane, formic acid, toluene, methanol, and water) 

and due to similar electron counts between many of the solvents. All derived results in the 

following tables are based on the known contents. No data are given for the diffusely scattering 

species. 
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The final least-squares refinement of 345 parameters against 5300 data resulted in 

residuals R (based on F2 for I 2 20) and wR (based on F2 for all data) of 0.0384 and 0.1257, 

respectively. The final difference Fourier map was featureless. 



Table 5.4 Crystal Data and Structure Refinement for Crystalline Boc-clp-OH (5.5) 
Empirical formula ClOH)6CIN04 
Formula weight 249.69 
Temperature 100(2) K 
Wavelength 0.71073 A 
Crystal system Orthorhombic 
Space group P2)2)2) 
Unit cell dimensions a = 7.3616(5) A 

b = 12.8608(9) A 
c = 12.8875(9) A 

Volume 
Z 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 

1220.14(15) A3 
4 

1.359 Mg/m3 

0.312 mm- 1 

528 

0.50 x 0040 x 0040 mm3 

2.24 to 30.02°. 

a= 90°. 
fJ= 90°. 
y= 90°. 

Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 30.02° 
Absorption correction 

-10 :::: h :::: 9, -17 :::: k:::: 17, -17 ::::1:::: 18 
17528 

Max. and min. transmission 

Refinement method 
Data / restraints / parameters 

Goodness-of-fit on F2 
Final R indices [1> 20(1)] 
R indices (all data) 
Absolute structure parameter 

Largest diff. peak and hole 

3381 [R int = 0.0239] 
96.5 % 
Empirical with SADABS 
0.8853 and 0.8595 

Full-matrix least-squares on F2 
3381 /0/ 152 

0.569 
Rl = 0.0277, wR2 = 0.0720 
Rl = 0.0291, wR2 = 0.0755 
-0.02(4) 

00415 and -0.162 e.A-3 
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Table 5.5 Atomic Coordinates (104) and Equivalent Isotropic Displacement Parameters (A2 x 

103) for Crystalline Boc-clp-OH (5.5) 

Cl(l) 
0(2) 
0(1) 
0(4) 
0(3) 
N(1) 
C(7) 
C(4) 
C(6) 
C(5) 
C(2) 
C(10) 
C(3) 
C(9) 
C(1) 
C(8) 

x 

-1685(1 ) 
2203(1) 

692(1) 
-2876(1) 

-56(1 ) 
-509(1 ) 

-3473(2) 
2094(1) 

-2041(1) 
906(2) 

1254(2) 
-1515(2) 
2331(2) 
-699(2) 
3851(2) 

-2357(2) 

y 

8386(1) 
7461(1) 
8828(1) 

10507(1) 
10078(1) 
8038(1) 
8214(1) 
9057(1) 
8753(1) 
8066(1) 
9966(1) 
9844(1) 
8134(1) 
7231(1 ) 
9377(1) 
7584(1) 

z 

9965(1) 
6844(1) 
6111(1) 
7616(1) 
8134(1) 
7467(1) 
8103(1) 
5321(1) 
7417(1) 
6806(1) 
4741(1) 
7780(1) 
4595(1) 
8263(1) 
5850(1) 
8880(1) 

'U(eq) is defined as one-third ofthe trace ofthe orthogonalized Vii tensor. 

U(eq)" 

20(1) 
17(1) 
15(1 ) 
20(1) 
19(1 ) 
14(1) 
15(1 ) 
14(1) 
13(1) 
13(1) 
18(1) 
14(1) 
22(1) 
16(1) 
22(1) 
16(1) 



Table 5.6 Bond Lengths [A] and Angles [0] for Crystalline Boc-c1p-OH (5.5) 

Cl(I)-C(8) 
0(2)-C(5) 
0(1)-C(5) 
0(1)-C(4) 
0(4)-C(1O) 
0(4)-H(40) 
0(3)-C(1O) 
N(1)-C(5) 
N(1)-C(6) 
N(1)-C(9) 
C(7)-C(8) 
C(7)-C(6) 
C(7)-H(7A) 
C(7)-H(7B) 
C(4)-C(1) 
C(4)-C(2) 
C(4)-C(3) 
C(6)-C(1O) 
C(6)-H(6) 
C(2)-H(2A) 
C(2)-H(2B) 
C(2)-H(2C) 
C(3)-H(3A) 
C(3)-H(3B) 
C(3)-H(3C) 
C(9)-C(8) 
C(9)-H(9A) 
C(9)-H(9B) 
C(1)-H(1A) 
C(1)-H(1B) 
C(1)-H(1C) 
C(8)-H(8) 

C(5)-0(1)-C(4) 
C(1O)-0(4)-H(40) 
C(5)-N(1)-C(6) 
C(5)-N(1 )-C(9) 
C(6)-N(1 )-C(9) 
C(8)-C(7)-C( 6) 
C(8)-C(7)-H(7 A) 
C( 6)-C(7)-H(7 A) 
C(8)-C(7)-H(7B) 
C( 6 )-C(7)-H(7B) 
H(7 A)-C(7)-H(7B) 
0(1 )-C(4)-C(1) 
0(1)-C(4)-C(2) 
C( 1 )-C( 4)-C(2) 
0(1)-C(4)-C(3) 
C( 1 )-C( 4 )-C(3) 
C(2)-C( 4 )-C(3) 
N(1 )-C(6)-C(1O) 
N(1 )-C(6)-C(7) 
C(10)-C(6)-C(7) 

1.8065(11) 
1.2328(13) 
1.3366(13) 
1.4794(13) 
1.3329(13) 
0.80(2) 
1.2051(14) 
1.3462(14) 
1.4565(13) 
1.4659(13) 
1.5480(15) 
1.5409(15) 
0.9900 
0.9900 
1.5188(16) 
1.5199(15) 
1.5221(16) 
1.5287(14) 
1.0000 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
1.5258(16) 
0.9900 
0.9900 
0.9800 
0.9800 
0.9800 
1.0000 

121.66(8) 
109.4(15) 
123.67(9) 
122.37(9) 
113.83(9) 
104.30(9) 
110.9 
110.9 
110.9 
110.9 
108.9 
109.83(9) 
102.03(8) 
111.10(10) 
110.35(9) 
112.90(10) 
110.10(9) 
111.68(8) 
102.72(8) 
114.26(9) 
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N (l )-C( 6)-H( 6) 
C(lO)-C(6)-H(6) 
C(7)-C(6)-H(6) 
0(2)-C(5)-0(l) 
0(2)-C(5)-N(l) 
0(l)-C(5)-N(l) 
C( 4)-C(2)-H(2A) 
C( 4)-C(2)-H(2B) 
H(2A)-C(2)-H(2B) 
C( 4 )-C(2)-H(2C) 
H(2A)-C(2)-H(2C) 
H(2B)-C(2)-H(2C) 
0(3 )-C( 1 0)-0(4) 
0(3 )-C( 1O)-C( 6) 
0(4)-C(1O)-C(6) 
C(4)-C(3)-H(3A) 
C(4)-C(3)-H(3B) 
H(3A)-C(3)-H(3B) 
C(4)-C(3)-H(3C) 
H(3A)-C(3)-H(3C) 
H(3B)-C(3)-H(3C) 
N (1 )-C(9)-C(8) 
N(l )-C(9)-H(9A) 
C(8)-C(9)-H(9A) 
N(l)-C(9)-H(9B) 
C(8)-C(9)-H(9B) 
H(9A)-C(9)-H(9B) 
C( 4)-C(1 )-H(lA) 
C(4)-C(I)-H(1B) 
H(lA)-C(I)-H(1B) 
C(4)-C(I)-H(1C) 
H(1A)-C(I)-H(1C) 
H(1B)-C(I)-H(1C) 
C(9)-C(8)-C(7) 
C(9)-C(8)~Cl( 1) 
C(7)-C(8)-Cl( 1) 
C(9)-C(8)-H(8) 
C(7)-C(8)-H(8) 
Cl( 1 )-C(8)-H(8) 

109.3 
109.3 
109.3 
125.52(10) 
123.86(10) 
110.62(9) 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
124.79(10) 
124.81(10) 
110.36(9) 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
103.34(9) 
111.1 
111.1 
111.1 
111.1 
109.1 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
104.25(9) 
110.73(8) 
110.59(8) 
110.4 
110.4 
110.4 
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Table 5.7 Anisotropic Displacement Parameters (A2 x 103) for Crystalline Boc-c1p-OH (5.5t 

UII lJ22 lJ33 lJ23 U13 U12 

Cl(l) 22(1) 24(1) 15(1) -2(1) 1(1) -1(1) 
0(2) 15(1) 13(1) 23(1) 4(1) 3(1) 3(1) . 
0(1) 14(1) 15(1) 15(1) 3(1) 3(1) 2(1) 
0(4) 17(1) 11(1) 32(1) -3(1) -3(1) 2(1) 
0(3) 19(1) 17(1) 22(1) 0(1) -4(1) -3(1) 
N(1) 14(1) 12(1) 14(1) 2(1) 2(1) 2(1) 
C(7) 13(1) 14(1) 17(1) -1(1) 1(1) -2(1) 
C(4) 13(1) 13(1) 14(1) 2(1) 2(1) 0(1) 
C(6) 12(1) 12(1) 14(1) 0(1) -1(1) 0(1) 
C(5) 14(1) 11(1) 14(1) -1(1) 0(1) -1(1) 
C(2) 21(1) 17(1) 17(1) 4(1) 1(1) 2(1) 
C(10) 16(1) 12(1) 13(1) 0(1) 1(1) -1(1) 
C(3) 28(1) 18(1) 19(1) -3(1) 6(1) 3(1) 
C(9) 18(1) 14(1) 16(1) 4(1) 3(1) 2(1) 
C(1) 17(1) 23(1) 28(1) 7(1) -5(1) -5(1) 
C(8) 16(1) 15(1) 16(1) -1(1) 2(1) -1(1) 

"The anisotropic displacement factor exponent takes the form: _2p2[h2 a*2U l1 + ... + 2 h k a* b* U12
]. 
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Table 5.8 Hydrogen Coordinates (x 104) and Isotropic Displacement Parameters (A2 x 103) 
for Crystalline Boc-clp-OH (5.5) 

x y z U(eq) 

H(7A) -4241 8733 8464 18 
H(7B) -4262 7754 7683 18 
H(6) -2498 8789 6687 15 
H(2A) 132 9738 4400 27 
H(2B) 2110 10220 4216 27 
H(2C) 977 10527 5230 27 
H(3A) 2868 7552 4977 33 
H(3B) 3134 8330 4021 33 
H(3C) 1145 7927 4319 33 
H(9A) 393 7198 8709 19 
H(9B) -906 6541 7945 19 
H(1A) 3615 9959 6322 34 
H(1B) 4739 9589 5325 34 
H(1C) 4334 8787 6246 34 
H(8) -3066 6968 9127 19 
H(40) -2580(30) 11079(16) 7800(14) 25(4) 



Table 5.9 Torsion Angles [0] for Crystalline Boc-clp-OH (5.5) 

C( 5)-0( 1 )-C( 4 )-C( 1) 
C(5)-0(1 )-C( 4)-C(2) 
C( 5)-0(1 )-C( 4)-C(3) 
C(5)-N( 1 )-C(6)-C( 1 0) 
C(9)-N(1)-C(6)-C( 10) 
C(5)-N(1 )-C(6)-C(7) 
C(9)-N(1)-C(6)-C(7) 
C(8)-C(7)-C(6)-N(1) 
C(8)-C(7)-C( 6)-C( 1 0) 
C( 4 )-0(1 )-C( 5)-0(2) 
C(4)-0(1 )-C(5)-N(1) 
C( 6)-N(1 )-C(5)-0(2) 
C(9)-N(1)-C(5)-0(2) 
C(6)-N(1)-C(5)-0(1 ) 
C(9)-N(1)-C(5)-0(1) 
N(1)-C(6)-C(1O)-0(3) 
C(7)-C(6)-C( 10)-0(3) 
N(1 )-C(6)-C(1 0)-0(4) 
C(7)-C( 6 )-C( 10 )-O( 4) 
C(5)-N(1)-C(9)-C(8) 
C(6)-N( 1 )-C(9)-C(8) 
N(1 )-C(9)-C(8)-C(7) 
N (1 )-C(9)-C(8)-Cl( 1) 
C( 6)-C(7)-C(8)-C(9) 
C( 6)-C(7)-C(8)-CI( 1) 

-61.59(13) 
-179.50(9) 
63.51(13) 
-72.54(13) 
111.42(10) 
164.57(10) 
-11.46(11) 
28.00(10) 
-93.14(10) 
-3.12(17) 
177.36(9) 

-179.81(10) 
-4.10(17) 
-0.29(14) 
175.42(9) 
-4.91(15) 
111.13(12) 
172.95(9) 
-71.01(12) 
174.13(10) 
-9.78(12) 
27.09(11) 
-91.86(9) 

-34.55(11) 
84.49(9) 
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Table 5.10 Crystal Data and Structure Refinement for Crystalline Ac-Clp-OMe (5.10) 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 28.35° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on J12 
Final R indices [1> 20(1)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 

CsH]2CIN03 

205.64 
105(2) K 
0.71073 A 
Orthorhombic 
P2]2]2] 
a = 6.7717(7) A 
b = 6.7814(7) A 
c = 42.743(4) A 
1962.8(4) A3 
8 
1.392 Mg/m3 

0.365 mm-I 

864 
0.45 x 0.34 x 0.32 mm3 

0.95 to 28.35° 

a= 90° 
iF 90° 
y=90° 

-9 :S h:S 9, -9 :S k:S 9, -55 :S 1:S 56 
26757 
4851 [Rint = 0.0343] 
99.5 % 
Multi-scan with SADABS 
0.8922 and 0.8531 
Full-matrix least-squares on J12 
4851/0/239 
1.137 
Rl = 0.0411, wR2 = 0.0968 
Rl = 0.0440, wR2 = 0.0981 
0.03(6) 
0.325 and -0.270 e.A-3 
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Table 5.11 Atomic Coordinates (104) and Equivalent Isotropic Displacement Parameters (A2 x 

103) for Crystalline Ac-ClQ-OMe (5.10) 
x y z U(eq)" 

Cl(l) 6264(1) 196(1) 8469(1) 22(1) 
0(1) 9068(3) 5571(2) 7833(1) 25(1) 
0(2) 12984(3) 3140(3) 7912(1) 29(1) 
0(3) 12625(3) 4548(3) 8385(1) 27(1) 
N(1) 8821(3) 2346(3) 7932(1) 18(1) 
C(1) 7157(4) 3622(4) 7471(1) 23(1) 
C(2) 8414(3) 3952(3) 7757(1) 19(1) 
C(3) 8008(4) 350(3) 7894(1) 19(1) 
C(4) 8301(4) -547(3) 8217(1) 20(1) 
C(5) 10194(3) 421(3) 8333(1) 21(1) 
C(6) 10016(4) 2552(3) 8214(1 ) 18(1) 
C(7) 12033(3) 3435(3) 8143(1 ) 19(1) 
C(8) 14571(4) 5411(4) 8347(1) 34(1) 
Cl(2) -1754(1) 3845(1) 9018(1) 29(1) 
0(4) 3698(3) 6636(3) 9662(1) 27(1) 
0(5) 1227(3) 10470(3) 9591(1) 29(1) 
0(6) 2584(3) 10210(3) 9113(1) 25(1) 
N(2) 482(3) 6315(3) 9558(1) 18(1) 
C(9) 1778(4) 4677(4) 10021(1) 26(1) 
C(10) 2083(3) 5945(3) 9735(1) 20(1) 
C(11) -1517(3) 5490(3) 9599(1) 19(1) 
C(12) -2449(4) 5811(3) 9282(1) 21(1) 
C(13) -1525(4) 7731(4) 9174(1) 24(1) 
C(14) 634(4) 7547(3) 9280(1) 19(1) 
C(15) 1516(3) 9552(3) 9355(1) 21(1) 
C(16) 3416(4) 12157(4) 9155(1 ) 29(1) 
'U(eq) is defined as one-third of the trace ofthe orthogonalized Vii tensor. 



Table 5.12 Bond Lengths [A] and Angles [0] for Crystalline Ac-Clp-OMe (5.10) 
Cl(l)-C(4) 
O(l)-C(2) 
O(2)-C(7) 
O(3)-C(7) 
O(3)-C(8) 
N(l)-C(2) 
N(l)-C(6) 
N(l)-C(3) 
C(1)-C(2) 
C(1)-H(lA) 
C(1)-H(lB) 
C(1)-H(lC) 
C(3)-C(4) 
C(3)-H(3A) 
C(3)-H(3B) 
C(4)-C(5) 
C(4)-H(4) 
C(5)-C(6) 
C(5)-H(5A) 
C(5)-H(5B) 
C(6)-C(7) 
C(6)-H(6) 
C(8)-H(8A) 
C(8)-H(8B) 
C(8)-H(8C) 
Cl(2)-C(12) 
O(4)-C(1O) 
O(5)-C(15) 
O(6)-C(15) 
O(6)-C(16) 
N(2)-C(10) 
N(2)-C(14) 
N(2)-C(II) 
C(9)-C(1O) 
C(9)-H(9A) 
C(9)-H(9B) 
C(9)-H(9C) 
C( 11 )-C(l2) 
C(11)-H(lIA) 
C(11)-H(llB) 
C(l2 )-C(l3) 
C(12)-H(l2) 
C(l3)-C(14) 
C(l3)-H(13A) 
C(13)-H(l3B) 
C(14)-C(15) 
C(l4)-H(l4) 
C(16)-H(l6A) 
C(l6)-H(l6B) 
C(16)-H(l6C) 

1.821(2) 
1.227(3) 
l.l94(3) 
1.344(3) 
1.451(3) 
1.349(3) 
1.457(3) 
1.470(3) 
1.508(3) 
0.9800 
0.9800 
0.9800 
1.520(3) 
0.9900 
0.9900 
1.523(3) 
1.0000 
1.536(3) 
0.9900 
0.9900 
1.522(3) 
1.0000 
0.9800 
0.9800 
0.9800 
1.811(2) 
1.230(3) 
1.201(3) 
1.339(3) 
1.447(3) 
1.345(3) 
1.457(3) 
1.475(3) 
1.509(3) 
0.9800 
0.9800 
0.9800 
1.509(3) 
0.9900 
0.9900 
1.518(3) 
1.0000 
1.536(3) 
0.9900 
0.9900 
1.520(3) 
1.0000 
0.9800 
0.9800 
0.9800 
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C(7)-0(3)-C(S) 
C(2)-N(1)-C(6) 
C(2)-N(1 )-C(3) 
C(6)-N(1)-C(3) 
C(2)-C(1)-H(1A) 
C(2)-C(1)-H(lB) 
H(1A)-C(l)-H(1B) 
C(2)-C( 1 )-H(1 C) 
H( 1 A)-C( 1 )-H( 1 C) 
H(1B)-C(1 )-H(1 C) 
0(1 )-C(2)-N(1) 
0(1)-C(2)-C(1) 
N(1)-C(2)-C(1) 
N(1)-C(3)-C(4) 
N( 1 )-C(3)-H(3A) 
C( 4)-C(3)-H(3A) 
N(1)-C(3)-H(3B) 
C( 4)-C(3)-H(3B) 
H(3A)-C(3)-H(3B) 
C(3)-C(4)-C(5) 
C(3 )-C( 4 )-C1(1 ) 
C( 5)-C( 4)-C1(1) 
C(3)-C(4)-H(4) 
C(5)-C(4)-H(4) 
C1(1)-C(4)-H(4) 
C( 4)-C(5)-C(6) 
C( 4)-C(5)-H(5A) 
C(6)-C(5)-H(5A) 
C( 4)-C(5)-H(5B) 
C(6)-C(5)-H(5B) 
H(5A)-C(5)-H(5B) 
N (1 )-C( 6 )-C(7) 
N(1)-C(6)-C(5) 
C(7)-C( 6)-C( 5) 
N(1)-C(6)-H(6) 
C(7)-C(6)-H(6) 
C( 5)-C( 6)-H( 6) 
0(2)-C(7)-0(3) 
0(2)-C(7)-C(6) 
0(3 )-C(7)-C( 6) 
0(3)-C(8)-H(8A) 
0(3)-C(8)-H(SB) 
H(8A)-C(S)-H(SB) 
0(3)-C(8)-H(SC) 
H(8A)-C(8)-H(SC) 
H(8B )-C(8)-H(8C) 
C(15)-0(6)-C(16) 
C(lO)-N(2)-C(14) 
C(lO)-N(2)-C(11) 
C(14)-N(2)-C(11) 
C( lO)-C(9)-H(9A) 
C( 10)-C(9)-H(9B) 
H(9A)-C(9)-H(9B) 
C(10)-C(9)-H(9C) 
H(9 A)-C(9)-H(9C) 

114.2(2) 
119.61(19) 
127.25(19) 
112.77(18) 
lO9.5 
lO9.5 
lO9.5 
lO9.5 
lO9.5 
lO9.5 
120.2(2) 
123.4(2) 
116.5(2) 
lO2.70(17) 
111.2 
111.2 
111.2 
111.2 
lO9.1 
lO3.42(18) 
lO9.07(16) 
lO9.06(16) 
11l.6 
11l.6 
11l.6 
lO3.40(18) 
111.1 
111.1 
111.1 
111.1 
lO9.0 
11l.72(18) 
lO3.09(17) 
111.4(2) 
110.1 
110.1 
110.1 
124.8(2) 
125.7(2) 
lO9.49(19) 
lO9.5 
lO9.5 
109.5 
lO9.5 
lO9.5 
lO9.5 
114.73(19) 
120.6(2) 
126.99(19) 
112.29(18) 
lO9.5 
lO9.5 
lO9.5 
109.5 
lO9.5 
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H(9B)-C(9)-H(9C) 
O(4)-C(1O)-N(2) 
O(4)-C(1O)-C(9) 
N(2)-C(10)-C(9) 
N(2)-C(11)-C(12) 
N(2)-C(11)-H(11A) 
C(12)-C(11)-H(11A) 
N(2)-C(11)-H(11B) 
C(12)-C(11)-H(1lB) 
H(11A)-C(11)-H(11B) 
C( 11)-C(12)-C( 13) 
C( 11 )-C( 12)-C1(2) 
C( 13 )-C( 12)-Cl(2) 
C(11 )-C(12)-H(12) 
C(13)-C(12)-H(12) 
Cl(2)-C(12)-H( 12) 
C( 12)-C(13)-C( 14) 
C(12)-C(13)-H(13A) 
C( 14 )-C( 13)-H( 13A) 
C(12)-C( 13)-H(13B) 
C(14 )-C( 13 )-H(13B) 
H(13A)-C(13)-H(13B) 
N(2)-C( 14)-C( 15) 
N(2)-C( 14)-C( 13) 
C( 15)-C( 14)-C( 13) 
N(2)-C( 14)-H(14) 
C(lS)-C(14)-H(14) 
C( 13)-C( 14 )-H(14) 
O(5)-C(lS)-O(6) 
O(5)-C(lS)-C(14) 
O(6)-C(lS)-C(14) 
O( 6)-C(16)-H(16A) 
O( 6)-C( 16)-H(16B) 
H(16A )-C( 16)-H(16B) 
O( 6)-C( 16)-H(16C) 
H(16A )-C( 16)-H(16C) 
H(16B)-C(16)-H(16C) 

109.5 
120.2(2) 
122.9(2) 
116.8(2) 
102.83(18) 
111.2 
111.2 
111.2 
111.2 
109.1 
103.08(19) 
110.23(16) 
109.47(17) 
111.3 
111.3 
111.3 
103.39(19) 
11U 
111.1 
111.1 
111.1 
109.0 
111.57(19) 
102.76(18) 
111.4(2) 
110.3 
110.3 
110.3 
124.3(2) 
12S.3(2) 
110.29(19) 
109.5 
109.5 
109.5 
109.S 
109.5 
109.5 
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Table 5.13 Anisotropic Displacement Parameters (A2 x 103) for Crystalline Ac-Clp-OMe 
(S.10t 

ull U22 [j33 lf23 ul3 U12 

CI(I) 26(1) 20(1) 22(1) -1(1) 5(1) -4(1) 
0(1) 33(1) 18(1) 24(1) 0(1) 4(1) -2(1) 
0(2) 24(1) 33(1) 29(1) -6(1) 6(1) -8(1) 
0(3) 29(1) 25(1) 28(1) -5(1) -4(1) -11(1) 
N(1) 19(1) 18(1) 16(1) -1(1) -2(1) -5(1) 
C(1) 22(1) 28(1) 20(1) 6(1) -1(1) 1(1) 
C(2) 18(1) 22(1) 17(1) 2(1) 7(1) 2(1) 
C(3) 24(1) 14(1) 18(1) -1(1 ) -2(1) -4(1) 
C(4) 22(1) 16(1) 22(1) 0(1) 3(1) -1(1) 
C(5) 21(1) 20(1) 22(1) 2(1) -3(1) -2(1) 
C(6) 19(1) 18(1) 15(1 ) -2(1) 0(1) -5(1) 
C(7) 20(1) 17(1) 20(1) 0(1) -3(1) -3(1) 
C(8) 30(1) 28(1) 45(2) 2(1) -10(1) -11(1) 
CI(2) 25(1) 37(1) 25(1) -14(1 ) 3(1) -10(1) 
0(4) 15(1) 36(1) 29(1) -7(1) 0(1) -3(1) 
0(5) 35(1) 24(1) 29(1) -8(1) 12(1) -9(1) 
0(6) 26(1) 23(1) 25(1) -1(1) 7(1) -8(1) 
N(2) 14(1) 20(1) 19(1) -1(1) 2(1) -4(1) 
C(9) 30(1) 23(1) 24(1) -2(1) -7(1) 3(1) 
C(10) 19(1) 20(1) 20(1) -7(1) -2(1) 2(1) 
C(11) 16(1) 22(1) 19(1) -1 (1) 1(1 ) -5(1) 
C(12) 16(1) 25(1) 21(1) -4(1) 1(1) -1(1) 
C(13) 23(1) 26(1) 22(1) 4(1) -4(1) -2(1) 
C(14) 20(1) 22(1) 15(1) -1(1 ) 2(1) -4(1) 
C(15) 15(1) 24(1) 25(1) -2(1) 2(1) -4(1) 
C(16) 28(1) 24(1) 34(1) 1 (1) 9(1) -10(1) 
"The anisotropic displacement factor exponent takes the form: _2p2[h2 a*2U 11 + ... + 2 h k a* b* U12

]. 
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Table 5.14 Hydrogen Coordinates (x 104) and Isotropic Displacement Parameters (A2 x 103) 
for Crystalline Ac-CI2-0Me (5.10} 

x y z U(eq) 

H(lA) 5830 3209 7535 35 
H(lB) 7754 2592 7341 35 
H(lC) 7070 4849 7351 35 
H(3A) 8739 -399 7733 22 
H(3B) 6592 395 7837 22 
H(4) 8432 -2014 8206 24 
H(5A) 11373 -236 8244 25 
H(5B) 10276 381 8564 25 
H(6) 9308 3381 8372 21 
H(8A) 15532 4365 8304 51 
H(8B) 14945 6104 8539 51 
H(8C) 14550 6344 8172 51 
H(9A) 1465 3327 9956 38 
H(9B) 684 5209 10145 38 
H(9C) 2986 4674 10147 38 
H(lIA) -2251 6199 9765 23 
H(llB) -1462 4070 9652 23 
H(l2) -3917 5930 9299 25 
H(13A) -2175 8879 9273 28 
H(13B) -1615 7868 8943 28 
H(l4) 1436 6867 9115 23 
H(l6A) 2348 13114 9185 43 
H(l6B) 4185 12517 8969 43 
H(l6C) 4278 12159 9339 43 



Table 5.15 Torsion Angles [0] for Crystalline Ac-Clp-OMe (5.10) 
C( 6)-N (1 )-C(2)-0( 1) 
C(3)-N(1 )-C(2)-0(1) 
C(6)-N(1 )-C(2)-C(1) 
C(3)-N(1 )-C(2)-C(1) 
C(2)-N(1 )-C(3)-C(4) 
C( 6)-N (1 )-C(3 )-C( 4) 
N(1 )-C(3)-C( 4)-C(S) 
N(1 )-C(3)-C(4)-Cl(1) 
C(3)-C(4)-C(S)-C(6) 
Cl(1 )-C(4)-C(S)-C(6) 
C(2)-N(1 )-C(6)-C(7) 
C(3)-N( 1 )-C(6)-C(7) 
C(2)-N(1)-C(6)-C(S) 
C(3)-N(1 )-C(6)-C(S) 
C(4)-C(S)-C(6)-N(1) 
C(4)-C(S)-C(6)-C(7) 
C(8)-0(3)-C(7)-0(2) 
C(8)-0(3 )-C(7)-C( 6) 
N (1 )-C( 6)-C(7)-0(2) 
C(S)-C(6)-C(7)-0(2) 
N(1 )-C(6)-C(7)-0(3) 
C(S)-C( 6)-C(7)-0(3) 
C( 14)-N (2)-C( 1 0)-0(4) 
C( 11 )-N(2)-C(IO)-0(4) 
C(14)-N(2)-C(IO)-C(9) 
C(11 )-N(2)-C(IO)-C(9) 
C(1O)-N(2)-C(II)-C(12) 
C(14)-N(2)-C(II)-C(12) 
N(2)-C(II)-C(12)-C(13) 
N(2)-C(II)-C(12)-Cl(2) 
C( 11 )-C( 12)-C( 13)-C( 14) 
Cl(2 )-C( 12 )-C( 13)-C( 14) 
C( 1 0)-N(2)-C( 14)-C( IS) 
C(11)-N(2)-C(14)-C(IS) 
C( 1 0)-N(2)-C( 14 )-C( 13) 
C(11)-N(2)-C(14)-C(13) 
C( 12)-C( 13)-C( 14)-N(2) 
C( 12)-C( 13)-C( 14)-C( IS) 
C( 16)-0( 6)-C( IS)-O(S) 
C( 16)-0( 6)-C( IS)-C( 14) 
N(2)-C( 14 )-C( IS)-O(S) 
C( 13)-C(14)-C(IS)-0(S) 
N(2)-C( 14 )-C( IS)-O( 6) 
C( 13)-C( 14 )-C( IS)-O( 6) 

0.9(3) 
173.4(2) 

-179.S(2) 
-7.0(3) 

-IS7.9(2) 
IS.I(2) 

-32.7(2) 
83.30(19) 

38.S(2) 
-77.43(19) 

-S8.0(3) 
128.S(2) 

-177.8(2) 
8.7(2) 

-28.9(2) 
-148.86(19) 

0.2(3) 
177.9(2) 
-3S.S(3) 
79.3(3) 

146.89(19) 
-98.4(2) 
-0.4(3) 

17S.2(2) 
179.l7(19) 

-S.2(3) 
-160.S(2) 

IS.4(2) 
-33.7(2) 

83.08(19) 
39.9(2) 
-77.4(2) 
-SS.2(3) 
128.S(2) 

-174.7(2) 
9.l(2) 

-29.9(2) 
-149.48(19) 

0.6(4) 
177 .2(2) 
-36.3(3) 
77.9(3) 
147.1(2) 
-98.7(2) 
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Table 5.16 Crystal Data and Structure Refinement for Crystalline Fmoc-c1pClpGly-OH (5.15) 
Empirical formula C27H 27ChN30 6'unknown solvent 
Formula weight 560.42 
Temperature 296(2) K 
Wavelength 1.54178 A 
Crystal system Monoclinic 
Space group C2 
Unit cell dimensions a = 29.2034(12) A 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 

b = 6.4786(3) A 
c = 16.7160(7) A 
3133.6(2) A3 
4 
1.188 Mg/m3 
2.204 mm-1 

1168 
0.30 x 0.25 x 0.20 mm3 

2.67 to 69.95°. 

a= 90°. 
13= 97.763(2)°. 
y = 90°. 

Theta range for data collection 
Index ranges 
Reflections collected 

-35::; h::;35,-7::;k::;6,-20::;1::;20 
24834 

'Independent reflections 
Completeness to theta = 69.95° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on p2 

Final R indices [1> 20(1)] 
R indices (all data) 
Absolute structure parameter 
Largest diff. peak and hole 

5300 [Riot = 0.0243] 
99.6% 
Multi-scan with SADABS 
0.6669 and 0.5576 
Full-matrix least-squares on p2 

5300/1/345 
1.123 
RI = 0.0384, wR2 = 0.1234 
RI = 0.0393, wR2 = 0.1257 
0.084(12) 
0.321 and -0.195 e.A-3 
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Table 5.17 Atomic Coordinates (104) and Equivalent Isotropic Displacement Parameters (A2 x 

103) for Crystalline Fmoc-clpClpGly-OH (5.15) 

x y z U(eq)" 

C1(1) 3116(1) 4565(1) 7039(1) 49(1) 
C1(2) 4065(1) -1527(1) 4090(1) 37(1) 
0(1) 6018(1) 3018(3) 6824(1) 33(1) 
0(2) 5403(1) 3320(4) 7443(1) 45(1) 
0(3) 4577(1) 946(3) 5862(1) 34(1) 
0(4) 3758(1) 3265(3) 4643(1) 25(1) 
0(5) 2635(1) 3992(3) 3976(1) 28(1) 
0(6) 2733(1) 2726(3) 2741(1) 27(1) 
N(l) 4823(1) 4234(3) 6054(1) 29(1) 
N(2) 3665(1) 2079(3) 5866(1) 24(1) 
N(3) 3050(1) 1067(3) 3842(1) 24(1) 
C(1) 5573(1) 3331(4) 6818(1) 32(1) 
C(2) 5300(1) 3733(4) 6003(1) 29(1) 
C(3) 4504(1) 2754(4) 6030(1) 25(1) 
C(4) 4036(1) 3453(4) 6232(1) 25(1) 
C(5) 4011(1 ) 3253(5) 7148(1) 32(1) 
C(6) 3524(1) 2467(4) 7181(1) 32(1) 
C(7) 3435(1) 997(4) 6470(1) 27(1) 
C(8) 3551(1) 2118(4) 5066(1) 22(1) 
C(9) 3153(1) 719(3) 4707(1) 22(1) 
C(1O) 3262(1) -1619(4) 4753(1) 30(1) 
C(11) 3456(1) -2083(4) 3970(1) 31(1) 
C(12) 3186(1 ) -631(4) 3347(1) 28(1) 
C(13) 2789(1) 2702(3) 3553(1 ) 24(1) 
C(14) 2402(1) 4215(4) 2366(1) 29(1) 
C(15) 2511(1) 4674(4) 15l3(1) 30(1) 
C(16) 2133(1) 5996(4) 1075(1) 33(1) 
C(17) 1669(1) 5547(5) 878(1) 37(1) 
C(18) l376(1) 7067(6) 480(1) 45(1) 
C(19) 1553(1) 8943(5) 290(1) 47(1) 
C(20) 2014(1) 9407(5) 476(1) 40(1) 
C(21) 2310(1) 7914(4) 879(1) 33(1) 
C(22) 2808(1) 7941(4) 1142(1) 32(1) 
C(23) 3141(1) 9427(5) 1064(1) 37(1) 
C(24) 3600(1) 9013(5) l355(1) 42(1) 
C(25) 3723(1) 7117(5) 1719(1 ) 41(1) 
C(26) 3389(1) 5602(4) 1791(1) 34(1) 
C(27) 2936(1) 6027(4) 1504(1) 32(1) 

'U(eq) is defined as one-third of the trace ofthe orthogona1ized Ui} tensor. 
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Table 5.18 Bond Lengths [A] and Angles [0] for Crystalline Fmoc-clpClpGly-OH (5.15) 

Cl(1 )-C(6) 1.801 (3) C(10)-C(11) 1.525(3) 
Cl(2)-C(II) 1.801(2) C(10)-H(10A) 0.9700 
0(1)-C(1) 1.315(3) C(10)-H(10B) 0.9700 
O(1)-H(1) 0.8200 C(ll )-C(12) 1.538(3) 
0(2)-C(1) 1.216(3) C(1l)-H(11) 0.9800 
0(3)-C(3) 1.230(3) C(12)-H(12A) 0.9700 
0(4)-C(8) 1.238(3) C(12)-H(12B) 0.9700 
0(5)-C(13) 1.218(3) C(14)-C(15) 1.532(3) 
0(6)-C(13) 1.346(3) C(14)-H(14A) 0.9700 
0(6)-C(14) 1.447(3) C(14)-H(14B) 0.9700 
N(1)-C(3) 1.332(3) C(15)-C(16) 1.506(3) 
N(1)-C(2) 1.446(3) C(15)-C(27) 1.520(4) 
N(1)-H(1A) 0.8600 C(15)-H(15) 0.9800 
N(2)-C(8) 1.334(3) C(16)-C(17) 1.383(4) 
N(2)-C(7) 1.466(3) C(16)-C(21 ) 1.401(4) 
N(2)-C(4) 1.470(3) C(17)-C(18) 1.409(4) 
N(3)-C(13) 1.356(3) C(17)-H(17) 0.9300 
N(3)-C(9) 1.455(2) C(18)-C(19) 1.374(5) 
N(3)-C(12) 1.463(3) C(18)-H(18) 0.9300 
C(1)-C(2) 1.505(3) C( 19)-C(20) 1.373 ( 4) 
C(2)-H(2A) 0.9700 C( 19)-H(19) 0.9300 
C(2)-H(2B) 0.9700 C(20)-C(21 ) 1.408(4) 
C(3)-C(4) 1.522(3) C(20)-H(20) 0.9300 
C(4)-C(5) 1.548(3) C(21 )-C(22) 1.461(4) 
C(4)-H(4) 0.9800 C(22)-C(23) 1.387(4) 
C(5)-C(6) 1.520(3) C(22)-C(27) 1.407(4) 
C(5)-H(5A) 0.9700 C(23)-C(24) 1.388(4) 
C(5)-H(5B) 0.9700 C(23)-H(23) 0.9300 
C(6)-C(7) 1.518(3) C(24)-C(25) 1.396(4) 
C(6)-H(6) 0.9800 C(24)-H(24) 0.9300 
C(7)-H(7A) 0.9700 C(25)-C(26) 1.401(4) 
C(7)-H(7B) 0.9700 C(25)-H(25) 0.9300 
C(8)-C(9) 1.532(3) C(26)-C(27) 1.374(3) 
C(9)-C(lO) 1.547(3) C(26)-H(26) 0.9300 
C(9)-H(9) 0.9800 

C(1)-O(1)-H(1) lO9.5 N(1)-C(2)-H(2B) lO9.1 
C(13)-0(6)-C(14) 115.30(16) C(1 )-C(2)-H(2B) lO9.l 
C(3)-N(1)-C(2) 120.8(2) H(2A)-C(2)-H(2B) lO7.8 
C(3)-N(1 )-H(lA) 119.6 0(3)-C(3)-N(l) 123.5(2) 
C(2)-N(1 )-H(lA) 119.6 0(3)-C(3)-C(4) 12l.5(2) 
C(8)-N(2)-C(7) 128.60(18) N(1 )-C(3)-C(4) 115.1(2) 
C(8)-N(2)-C(4) 118.48(17) N(2)-C(4)-C(3) 111.12(18) 
C(7)-N(2)-C(4) 112.53(16) N(2)-C( 4)-C(5) lO3.41(17) 
C(13)-N(3)-C(9) 120.32(18) C(3)-C( 4)-C(5) 111.03(17) 
C(13)-N(3)-C(12) 124.72(17) N(2)-C( 4)-H( 4) 110.4 
C(9)-N(3)-C(l2) 114.23(18) C(3)-C(4)-H(4) 110.4 
0(2 )-C( 1 )-O( 1 ) 120.7(2) C(5)-C(4)-H(4) 110.4 
0(2)-C(1)-C(2) 123.5(2) C(6)-C(5)-C( 4) lO3.45(17) 
0(1 )-C( 1 )-C(2) 115.84(18) C(6)-C(5)-H(5A) 111.1 
N(1 )-C(2)-C(1) 112.44(18) C( 4)-C(5)-H(5A) 111.1 
N(1 )-C(2)-H(2A) lO9.1 C(6)-C(5)-H(5B) 111.1 
C(1 )-C(2)-H(2A) lO9.1 C(4)-C(5)-H(5B) 111.1 



H(SA)-C(S)-H(SB) 
C(7)-C( 6)-C( S) 
C(7)-C(6)-Cl(l ) 
C(S)-C(6)-C1(1) 
C(7)-C(6)-H(6) 
C(S)-C(6)-H(6) 
C1( 1 )-C(6)-H(6) 
N(2)-C(7)-C(6) 
N(2)-C(7)-H(7 A) 
C( 6)-C(7)-H(7 A) 
N(2)-C(7)-H(7B) 
C(6)-C(7)-H(7B) 
H(7 A)-C(7)-H(7B) 
O(4)-C(8)-N(2) 
0(4 )-C(8)-C(9) 
N(2)-C(8)-C(9) 
N(3)-C(9)-C(8) 
N(3)-C(9)-C(IO) 
C(8)-C(9)-C( 1 0) 
N(3)-C(9)-H(9) 
C(8)-C(9)-H(9) 
C( 1 0)-C(9)-H(9) 
C(11)-C(1O)-C(9) 
C(11)-C(10)-H(10A) 
C(9)-C(l O)-H(1 OA) 
C(11)-C(IO)-H(lOB) 
C(9)-C(1 O)-H( lOB) 
H(10A)-C(IO)-H(10B) 
C( 1 O)-C( 11 )-C( 12) 
C(1O)-C(II)-Cl(2) 
C(12)-C(II)-Cl(2) 
C(1O)-C(II)-H(11) 
C(12)-C(11 )-H(11) 
C1(2)-C( 11 )-H(11) 
N(3)-C(12)-C(11) 
N(3)-C(12)-H(12A) 
C(11 )-C(12)-H(12A) 
N(3)-C(12)-H(12B) 
C(11)-C(12)-H(12B) 
H(12A)-C(12)-H(12B) 
O(S)-C(13)-O(6) 
O(S)-C( 13)-N(3) 
O(6)-C(13)-N(3) 
O(6)-C(14)-C(IS) 
O(6)-C(14)-H(14A) 
C(lS)-C(14)-H(14A) 
O(6)-C(14)-H(14B) 
C(IS)-C(14)-H(14B) 
H(14A)-C(14)-H(14B) 
C( 16)-C( IS)-C(27) 
C( 16)-C( IS)-C( 14) 
C(2 7)-C( IS)-C( 14) 
C( 16)-C( lS)-H( IS) 
C(27)-C(lS)-H(1S) 
C( 14 )-C( IS)-H(1S) 

109.0 
104.1S(18) 
109.26(16) 
110.3(2) 
111.0 
111.0 
111.0 
101.17(19) 
111.S 
111.S 
IlLS 
111.S 
109.4 
120.S9(19) 
122.36(17) 
117.04(18) 
109.93(17) 
102.34(17) 
114.83(17) 
109.8 
109.8 
109.8 
104.39(18) 
110.9 
110.9 
110.9 
110.9 
108.9 
104.16(18) 
109.93(16) 
111.17(16) 
110.S 
IIO.S 
IIO.S 
103.33(18) 
111.1 
111.1 
111.1 
111.1 
109.1 
12S.00(19) 
124.31 (19) 
110.68(18) 
108.81(17) 
109.9 
109.9 
109.9 
109.9 
108.3 
102.2(2) 
109.44(18) 
113.18(18) 
110.6 
110.6 
110.6 

C( 17)-C( 16)-C(21) 
C( 17)-C( 16)-C( IS) 
C(21 )-C( 16)-C( IS) 
C( 16)-C( 17)-C( 18) 
C( 16)-C( 17)-H( 17) 
C( 18)-C( 17)-H( 17) 
C( 19)-C( 18)-C( 17) 
C(19)-C(18)-H(18) 
C( 17)-C( 18)-H( 18) 
C( 18)-C( 19)-C(20) 
C( 18)-C( 19)-H( 19) 
C(20)-C( 19)-H( 19) 
C( 19)-C(20)-C(21) 
C( 19)-C(20)-H(20) 
C(21 )-C(20)-H(20) 
C( 16)-C(21 )-C(20) 
C( 16)-C(21 )-C(22) 
C(20)-C(21 )-C(22) 
C(23 )-C(22)-C(2 7) 
C(23 )-C(22)-C(21) 
C(27)-C(22)-C(21 ) 
C(22)-C(23 )-C(24) 
C(22)-C(23 )-H(23) 
C(24)-C(23)-H(23) 
C(23)-C(24)-C(2S) 
C(23)-C(24)-H(24 ) 
C(2S)-C(24)-H(24) 
C(24 )-C(2S)-C(26) 
C(24)-C(2S)-H(2S) 
C(26)-C(2S)-H(2S) 
C(27)-C(26)-C(2S) 
C(27)-C(26)-H(26) 
C(2S)-C(26)-H(26) 
C(26)-C(27)-C(22) 
C(26)-C(27)-C( IS) 
C(22)-C(27)-C( IS) 

120.8(2) 
128.8(3) 
110.4(2) 
118.S(3) 
120.7 
120.7 
120.3(3) 
119.8 
119.8 
121.9(3) 
119.1 
119.1 
118.6(3) 
120.7 
120.7 
119.9(2) 
108.9(2) 
131.2(3) 
120.3(2) 
131.4(2) 
108.3(2) 
119.2(3) 
120.4 
120.4 
120.2(3) 
119.9 
119.9 
120.8(3) 
119.6 
119.6 
118.6(3) 
120.7 
120.7 
120.9(3) 
129.0(2) 
110.1(2) 
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Table 5.19 Anisotropic Displacement Parameters CA2 x 103) for Crystalline Fmoc-clpClpGly-
OH C5.15t 

VII [J22 [J33 [J23 vl3 vl2 

CI(1) 32(1) 46(1) 70(1) -19(1) 14(1) 4(1) 
Cl(2) 31(1) 29(1) 50(1) 0(1) 4(1) 8(1) 
0(1) 30(1) 41(1) 29(1) -3(1) 5(1) 0(1) 
0(2) 45(1) 59(1) 34(1) 1(1) 14(1) 4(1) 
0(3) 32(1) 22(1) 49(1) -8(1) 7(1) -1(1) 
0(4) 26(1) 21(1) 28(1) 3(1) 5(1) -2(1) 
0(5) 32(1) 25(1) 26(1) -2(1) 4(1) 3(1) 
0(6) 32(1) 22(1) 28(1) 2(1) 3(1) 7(1) 
N(I) 25(1) 21(1) 42(1) -2(1) 9(1) 1(1) 
N(2) 22(1) 26(1) 26(1) 5(1) 5(1) -2(1) 
N(3) 29(1) 20(1) 23(1) 1(1) 2(1) 4(1) 
C(1) 34(1) 30(1) 33(1) -4(1) 8(1) -4(1) 
C(2) 22(1) 33(1) 34(1) -3(1) 6(1) -4(1) 
C(3) 24(1) 25(1) 28(1) 0(1) 4(1) -1(1) 
C(4) 23(1) 24(1) 29(1) -1(1) 5(1) -1(1) 
C(5) 31(1) 41(2) 26(1) -5(1) 8(1) 0(1) 
C(6) 32(1) 38(2) 28(1) -2(1) 9(1) 3(1) 
C(7) 28(1) 28(1) 27(1) 5(1) 9(1) -3(1) 
C(8) 18(1 ) 20(1) 29(1) 1(1) 3(1) 3(1) 
C(9) 22(1) 20(1) 24(1) 3(1) 4(1) 0(1) 
C(10) 36(1) 20(1) 34(1) 6(1) 2(1) 0(1) 
C(11) 29(1) 22(1) 40(1) 2(1) 3(1) 2(1) 
C(12) 30(1) 21(1) 33(1) -2(1) 6(1) 4(1) 
C(13) 25(1) 17(1) 30(1) -2(1) 4(1) 0(1) 
C(14) 34(1) 24(1) 28(1) 4(1) 1(1) 5(1) 
C(15) 40(1) 26(1) 24(1) -4(1) 3(1) 9(1) 
C(16) 43(1) 37(1) 18(1) -2(1) 2(1) 11(1) 
C(17) 43(1) 40(2) 28(1) -2(1) 2(1) 8(1) 
C(18) 45(1) 61(2) 28(1) -5(1) 0(1) 12( 1) 
C(19) 59(2) 53(2) 27(1) 1(1) 0(1) 23(1) 
C(20) 58(2) 36(2) 27(1) 4(1) 7(1) 18(1 ) 
C(21) 51(1) 32(1) 15(1) -2(1) 6(1) 8(1) 
C(22) 50(1) 29(1) 19(1) 0(1) 7(1) 13(1) 
C(23) 57(2) 32(1) 25(1) 2(1) 14(1) 2(1) 
C(24) 51(1) 42(2) 34(1) 3(1) 15(1) -4(1) 
C(25) 44(1) 49(2) 31(1) -1(1) 7(1) -2(1) 
C(26) 42(1) 35(1) 26(1) 0(1) 7(1) 12(1) 
C(27) 48(1) 32(1) 18(1) -4(1) 8(1) 7(1) 

"The anisotropic displacement factor exponent takes the fonn: _2p2[h2 a*2U II + ... + 2 h k a* b* VI2]. 
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Table S.20 Hydrogen Coordinates (x 104) and Isotropic Displacement Parameters (A2 x 103) 
for Crystalline Fmoc-clpClpGly-OH (S.lS) 

x y z U(eq) 

H(l) 6073 2834 6361 50 
H(lA) 4743 5501 6101 35 
H(2A) 5441 4866 5746 35 
H(2B) 5312 2518 5667 35 
H(4) 3974 4879 6054 30 
H(5A) 4240 2281 7399 39 
H(5B) 4060 4579 7416 39 
H(6) 3504 1746 7690 39 
H(7A) 3572 -346 6598 33 
H(7B) 3107 834 6291 33 
H(9) 2878 1006 4966 26 
H(lOA) 3487 -1931 5218 37 
H(10B) 2984 -2416 4787 37 
H(ll) 3399 -3527 3812 37 
H(l2A) 3380 -143 2959 34 
H(l2B) 2917 -1317 3061 34 
H(l4A) 2421 5475 2683 35 
H(l4B) 2091 3667 2341 35 
H(l5) 2543 3388 1217 36 
H(l7) 1552 4270 1004 45 
H(18) 1063 6800 347 54 
H(l9) 1355 9926 27 56 
H(20) 2127 10681 339 48 
H(23) 3058 10687 820 45 
H(24) 3826 10001 1307 50 
H(25) 4031 6857 1915 49 
H(26) 3472 4336 2029 41 



Table 5.21 Torsion Angles [0] for Crystalline Fmoc-c1pClpGly-OH (5.15) 

C(3)-N(1 )-C(2)-C(1) 
0(2 )-C( 1 )-C(2)-N (1 ) 
0(1 )-C( 1 )-C(2)-N (1 ) 
C(2)-N(1 )-C(3)-0(3) 
C(2)-N( 1 )-C(3)-C( 4) 
C(S)-N(2)-C(4)-C(3) 
C(7)-N(2)-C(4)-C(3) 
C(S)-N(2)-C( 4)-C(S) 
C(7)-N(2)-C(4)-C(S) 
0(3)-C(3)-C(4)-N(2) 
N (1 )-C(3 )-C( 4)-N (2) 
0(3 )-C(3 )-C( 4 )-C( S) 
N (1 )-C(3 )-C( 4 )-C( S) 
N(2)-C(4)-C(S)-C(6) 
C(3)-C(4)-C(S)-C(6) 
C( 4 )-C( S)-C( 6)-C(7) 
C( 4 )-C( S)-C( 6)-C1( 1) 
C(S)-N(2)-C(7)-C(6) 
C(4)-N(2)-C(7)-C(6) 
C(S)-C(6)-C(7)-N(2) 
C1(1 )-C(6)-C(7)-N(2) 
C(7)-N(2)-C(S)-0(4) 
C( 4)-N(2)-C(S)-0(4) 
C(7)-N(2)-C(S)-C(9) 
C(4)-N(2)-C(S)-C(9) 
C( 13)-N(3)-C(9)-C(S) 
C( 12)-N(3)-C(9)-C(S) 
C( l3)-N(3)-C(9)-C( 1 0) 
C( 12)-N(3)-C(9)-C( 1 0) 
0(4)-C(S)-C(9)-N(3) 
N(2)-C(S)-C(9)-N(3) 
0(4 )-C(S)-C(9)-C( 1 0) 
N (2)-C(S)-C(9)-C( 1 0) 
N(3)-C(9)-C(1O)-C(11) 
C(S)-C(9)-C(1O)-C(11) 
C(9)-C(1 O)-C( 11 )-C(12) 
C(9)-C(1O)-C(11)-Cl(2) 
C(l3)-N(3)-C(12)-C(11) 
C(9)-N(3)-C(12)-C(11) 
C(1O)-C(11)-C(12)-N(3) 
C1(2)-C(11)-C(12)-N(3) 
C( 14)-0(6)-C( 13)-0(S) 
C( 14)-0( 6)-C( 13)-N(3) 
C(9)-N(3)-C(13)-0(S) 
C(12)-N(3)-C( 13)-0(S) 
C(9)-N(3)-C( 13)-0(6) 
C(12)-N(3)-C(13)-0( 6) 
C(l3)-0(6)-C(14)-C( IS) 
0(6)-C(14)-C(lS)-C(16) 
0(6)-C(14)-C(lS)-C(27) 
C(27)-C( lS)-C( 16)-C( 17) 
C( 14 )-C( lS)-C( 16)-C( 17) 
C(27)-C(lS)-C(16)-C(21 ) 

-89.3(3) 
3.S(4) 

-17S.l(2) 
-9.S(3) 

170.02(1S) 
-70.l(2) 
116.4(2) 

170.70(19) 
-2.7(2) 

-2S.2(3) 
lSS.26(19) 

S9.4(3) 
-90.2(2) 
-21.1 (2) 

-140.4(2) 
37.0(3) 
-SO.2(2) 

-147.3(2) 
2S.3(2) 
-37.7(2) 

SO.13(1S) 
173.3(2) 

1.1(3) 
-S.S(3) 

-17S .02(1S) 
-SO.S(2) 
10S.S(2) 

lS7.0S(19) 
-l3.6(2) 
-3.S(3) 

17S.61(1S) 
111.3(2) 
-69.7(2) 
29.2(2) 
-S9.S(2) 
-34.3(2) 

S4.S6(1S) 
-177.6(2) 

-7.4(2) 
2S.6(2) 

-92.70(1S) 
-10.6(3) 

170.S9(1S) 
2.0(3) 

171.7(2) 
-179.4S(17) 

-9.S(3) 
lS7.71(19) 

172.4(2) 
-74.3(2) 
17S.0(2) 
-61.S(3) 
-3.1(2) 

C(14)-C(lS)-C(16)-C(21 ) 
C(21)-C(16)-C(17)-C(lS) 
C(lS)-C(16)-C(17)-C(lS) 
C( 16)-C( 17)-C( lS)-C( 19) 
C(17)-C(lS)-C( 19)-C(20) 
C(lS)-C(19)-C(20)-C(21 ) 
C( 17)-C( 16)-C(21 )-C(20) 
C( lS)-C( 16)-C(21 )-C(20) 
C(17)-C(16)-C(21 )-C(22) 
C( lS)-C( 16)-C(21 )-C(22) 
C(19)-C(20)-C(21 )-C(16) 
C( 19)-C(20)-C(21 )-C(22) 
C( 16)-C(21)-C(22)-C(23) 
C(20)-C(21)-C(22)-C(23) 
C( 16)-C(21 )-C(22)-C(27) 
C(20)-C(21 )-C(22)-C(27) 
C(27)-C(22)-C(23 )-C(24) 
C(21 )-C(22)-C(23 )-C(24) 
C(22)-C(23)-C(24)-C(2S) 
C(23)-C(24)-C(2S)-C(26) 
C(24)-C(2S)-C(26)-C(27) 
C(2S)-C(26)-C(27)-C(22) 
C(2S)-C(26)-C(27)-C( IS) 
C(23)-C(22)-C(27)-C(26) 
C(21 )-C(22)-C(27)-C(26) 
C(23 )-C(22)-C(27)-C( IS) 
C(21 )-C(22)-C(27)-C( IS) 
C( 16)-C(lS)-C(27)-C(26) 
C( 14 )-C( lS)-C(27)-C(26) 
C( 16)-C( lS)-C(27)-C(22) 
C(14)-CClS)-C(27)-C(22) 

117.1(2) 
-0.S(3) 

17S.3(2) 
0.6(4) 
-0.l(4) 
-0.4(4) 
0.0(3) 

-179.0S(19) 
-17S.S2(19) 

2.2(2) 
0.S(3) 

179.0(2) 
177.4(2) 
-1.2(4) 
-0.2(2) 

-17S.S(2) 
-0.7(3) 

-17S.0(2) 
0.2(4) 
0.S(4) 
-0.6(4) 
0.1(3) 

-179.6(2) 
0.6(3) 

17S.44(19) 
-179.72(19) 

-1.9(2) 
-177.4(2) 
6S.0(3) 
3.0(2) 

-114.6(2) 
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125 MHz 13C NMR Spectrum of Compound 5.5 
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100.6 MHz 13C NMR Spectrum of Compound 5.9 
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100.6 MHz 13C NMR Spectrum of Compound 5.10 
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125 MHz 13C NMR Spectrum of Compound 5.13 
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125 MHz 13C NMR Spectrum of Compound 5.15 
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125 MHz 13C NMR Spectrum of Compound S.20 
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CHAPTER 6* 

BASIS FOR THE ABSENCE OF (2S,4S)-4-HYDROXYPROLINE FROM COLLAGEN 

Abstract: Proline (Pro) adopts two distinct structural conformations in proteins: the CY-endo ring 

pucker and the CY -exo ring pucker. Enforcing one or the other of these ring puckers can 

preorganize proteins, and collagen in particular, for folding and function. Nature has developed a 

toolbox of enzymes that invoke stereoelectronic effects to enforce an advantageous Pro ring 

pucker in collagen: the prolyl hydroxylases. The collagen prolyl-4-hydroxylase class of enzymes 

installs a hydroxyl group in exclusively the 4R-configuration on the y-carbon atom of Pro, which 

enforces the CY-exo ring pucker and has important stabilizing effects on the collagen triple helix. 

Surprisingly, a collagen prolyl-4S-hydroxylase does not exist, despite its apparent utility to 

enforce the CY-endo ring pucker of Pro, which could have analogous stabilizing effects on 

collagen structure. Rather, Nature has evolved the collagen prolyl-3-hydroxylase class of 

enzymes to install a hydroxyl group in the S-configuration on the ~-carbon atom of Pro, a 

modification which likewise enforces the CY-endo ring pucker. Here, we explore the 

physicochemical basis for the absence of a collagen prolyl-4S-hydroxylase from Nature's 

toolbox of enzymes that modify collagen. We use density functional theory, NMR spectroscopy, 

and crystallographic analyses to explore the conformational preferences of (2S,4S)-4-

hydroxyproline (hyp). We find that 4S-hydroxylation of Pro to form hyp does indeed enforce a 

CY-endo ring pucker, but a transannular hydrogen bond between the hydroxyl moiety and the 

carbonyl ofhyp disrupts the peptide backbone torsion angles that typically accompany a CY-endo 

ring pucker and reduces the hydrogen bond acceptor ability of hyp's carbonyl. Hence, hyp 

residues strongly destabilize the collagen triple helix. O-Methylation of hyp to form (2S,4S)-4-

methoxyproline (mop) eliminates the transannular hydrogen bond and rescues the 
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stereoelectronic function of a 4S-hydroxyl group. By incorporating hyp, mop, and Pro in the Xaa 

position of collagen triple helices, we show how these modifications can modulate triple-helical 

structure. Our findings validate a prominent theory of collagen stability and have important 

implications for the burgeoning field of protein engineering with 4-substituted prolines. 

Author contributions: M. D. S., F. W. K., and R. T. R. designed research. M. D. S. and F. W. K. 

developed and executed syntheses. M. D. S. performed conformational and biophysical 

experiments, and drafted the manuscript and figures. M. D. S. and F. W. K. analyzed data. I. A. 

G. collected X-ray diffraction data for compounds Ac-hyp-OMe and 6.8, solved the structures, 

prepared the structure reports, and composed the related experimental details. F. W. K. edited the 

manuscript. 

*This chapter has been prepared for publication, in part, under the same title. Reference: 

Shoulders, M. D.; Kotch, F. W.; Guzei, I. A.; Raines, R. T. In preparation. 
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6.1 Introduction 

2S-Proline (Pro) is distinctive among the twenty common amino acids because the CU-alkyl 

sidechain is covalently linked to the nitrogen atom in the amino acid backbone. The pyrrolidine 

ring of Pro adopts one of two prevalent conformations, termed CY-endo and CY-exo (Figure 6.1). 

Each Pro ring pucker is coupled to a preferred set of rjJ and 'I' peptide backbone torsion angles. 

CY-endo puckered Pro typically has ¢~ -70° and If! ~ 152°, while CY-exo puckered Pro typically 

has ¢ ~ -59° and If! ~ 143°.8,98 Furthermore, CY-endo puckered Pro has an enhanced preference 

for the cis peptide bond relative to CY-exo puckered Pro due to an n~Jt" interaction, which we 

describe elsewhere.8,I08-11O,112 Analyses of the Protein Data Bank confirm the correlation of Pro 

ring pucker and peptide backbone torsion angles,98,286 and show that CY-endo puckered Pro 

. 11 . h· ·d b d·· fi Id d . 115287 typIca y accompames t e CIS peptI e on moe protems. ' 

The distinct characteristics of the CY -endo and CY -exo puckers of Pro suggest that 

pre organizing a desired ring pucker could stabilize protein structure. The cyclic nature of Pro 

provides an effective handle for biasing a preferred conformation by simple modifications to the 

Pro sidechain. Stereoelectronic or steric effects can be invoked to preferentially stabilize either 

the CY -endo or CY -exo ring pucker of a Pro derivative by introducing either electronegative or 

sterically demanding functional groups on the Pro ring (Figure 6.1). For example, (2S,4R)-4-

fluoroproline (Flp) adopts the CY-exo ring pucker almost exclusively, due to the gauche effect, 

R' 

• 'R'~ 
J, 0 

C'-enclo pucker 

Figure 6.1 Ring conformations of Pro and its derivatives. A favorable ring pucker can be 
enforced by stereo electronic effects by replacing either RI or R2 with electronegative groups 
or by steric effects by replacing either RI or R2 with sterically demanding functionalities. 
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while its diastereomer (2S,4S)-4-fluoroproline (flp) adopts the CY-endo ring pucker.8 Similarly, 

(2S,4S)-4-methylproline (Mep) adopts the CY-exo ring pucker almost exclusively, due to a steric 

effect, while its diastereomer (2S,4R)-4-methylproline (mep) adopts the CY-endo ring pucker.2o 

We, and others, have shown that these steric and stereoelectronic effects can stabilize a diverse 

manifold of protein structures, presumably by preorganizing peptide backbone torsion angles to 

those required for protein folding. Flp, flp, mep, and Mep, as well as the 4-aminoprolines/02,262 

4-acetoxyprolines,278 4-mercaptoprolines,94 4-azidoprolines,118,219 and 4-chloroprolines 12 have 

been utilized to stabilize a variety of proteins and protein structural motifs, including 

polyproline 1- and II-type helices,116-118 barstar,119 p-tum structure III elastin-related 

polypeptides,120,121 and enhanced green fluorescent protein. 124 

Most prominently, it is well-established that non-natural Pro derivatives with a strong 

preference for the CY-endo ring pucker stabilize CTHs when substituted in the Xaa position, 

while non-natural Pro derivatives with a strong preference for the CY-exo ring pucker stabilize 

CTHs when substituted in the Yaa position.1,12,20,67,68,71,88,99,112,202,262,288 The stabilization 

conferred on the CTH by these non-natural Pro derivatives can be attributed to preorganization, 

whereby the rjJ and If! angles required for the Xaa position are favored by CY-endo puckered Pro 

derivatives, while the rjJ and If! angles required for the Yaa position of a CTH are favored by CY-

exo puckered Pro derivatives. 1,98 It is noteworthy that Nature has employed these preorganization 

effects on CTH stability for millennia. (2S,4R)-4-Hydroxyproline (Hyp), a Pro derivative with a 

strong stereo electronic preference for the CY-exo ring pucker,5,89 significantly stabilizes triple 

helices in the Yaa position and is abundant in the Yaa position of natural collagen strands.76
,77 

Hyp is introduced into unfolded proto collagen by the stereoselective, post-translational 

modification of Yaa-position Pro residues by the enzyme collagen prolyl-4-hydroxylase (P4H). 
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Figure 6.2 Crystal structures of the Pro derivatives used by Nature to enforce the CY-exo and 
CY-endo Pro ring puckers in collagen depicted with the program PyMOL (Delano Scientific, 
Palo Alto, CA). (A) Ac-Hyp-OMe adopts the CY-exo ring pucker due to the gauche effect.s 

(B) Ac-3S-hyp-OMe adopts the CY-endo ring pucker due to the gauche effect. 13 

3S-hyp, which strongly prefers the CY -endo ring pucker,13 is introduced by the post-translational 

hydroxylation of Xaa position Pro residues by P3H, and likewise stabilizes the CTH. 19
,106 

(Crystal structures of Ac-Hyp-OMe and Ac-3S-hyp-OMe depicting their preferred pyrrolidine 

ring conformations are shown in Figure 6.2.) 3S-hyp is particularly abundant in the Xaa position 

of invertebrate collagens and in non-fibrillar vertebrate collagens. 102 Pro, which has a slight 

preference for the CY -endo ring pucker,8 is also abundant in the Xaa position of natural collagen 

triple helices. In stark contrast, hyp is never observed in the collagen sequence (nor has it been 

observed in any other natural protein), and studies of synthetic CTHs with hyp in the Xaa 

position demonstrate that it severely destabilizes the CTH.7S
,lOl This result is surprising because 

hyp would be expected to adopt the CY-endo ring pucker due to the gauche effect, and CY-endo is 

the preferred ring pucker in the Xaa position of a CTH. 

We hypothesized that the absence of a collagen prolyl-4S-hydroxylase (and thus the absence 

of hyp) from Nature's collagen stabilization toolbox could be due to idiosyncratic 

conformational preferences of hypo Specifically, we wondered if a transannular hydrogen bond 

between the carbonyl and hydroxyl moieties of hyp (depicted in Figure 6.3) might disrupt the 

peptide backbone torsion angles that typically accompany a CY-endo ring pucker (which should 
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Figure 6.3 Intramolecularly hydrogen bonded conformation of hyp, which could reduce the 
utility of hyp for protein stabilization and be the reason for hyp's absence from natural 
collagen. 

be enforced by the gauche effect in hyp). Such a hydrogen bond was observed in the free amino 

acid form of hyp in a gas-phase microwave spectroscopy study.IOO We believed that this 

transannular hydrogen bond could be disruptive for collagen folding. Such a hydrogen bond 

would not only alter the peptide backbone torsion angles, but would also reduce the hydrogen 

bond acceptor ability ofhyp's carbonyl, which could likewise destabilize collagen structure. 

Three explanations are extant for the instability of (hypProGlY)n CTHs. First, the instability 

could occur because a hydroxyl group is too sterically demanding for the Xaa position of the 

CTH. II ,98,113 Second, the theory that CY -endo ring puckered Pro derivatives stabilize the CTH in 

the Xaa position could be incorrect.72
,lol Third, we suggest here that the instability could be due 

primarily to a trans annular hydrogen bond favored by hypo 

We wished to explore the origin of the instability of (hypProGlY)n CTHs, and to elucidate 

whether the absence of a collagen prolyl-4S-hydroxylase in Nature might be due to the 

idiosyncratic conformational effects of 4S-hydroxylation of Pro. We considered that eliminating 

the hydrogen bond by methylation of the 4S-hydroxyl group could be an effective strategy to test 

this hypothesis. O-Methylation is a particularly appealing modification of hyp, because the 

methoxy group retains the electron-withdrawing289 and hyperconjugative264 ability of an alcohol, 

but eliminates the ability to donate a hydrogen bond. We have previously demonstrated that 

methylation of Hyp to form (2S,4R)-4-methoxyproline (Mop) does not disrupt the 

conformational preferences of Hyp (which cannot display a trans annular hydrogen bond) and is 
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strongly stabilizing in the Yaa position of the CTHs.69 Hence, we anticipated that methylation of 

hyp to fonn (2S,4S)-4-methoxyproline (mop) would eliminate the offending hydrogen bond (if it 

exists and is deleterious) and recover the ¢ and IfI angles that accompany a typical CY -endo ring 

pucker. Then, mop, like flp,67,71,99 3S-hyp, \06 and mep20 could stabilize the CTH in the Xaa 

position. We suspected that this study would provide insight into why a collagen 4R-P4H exists 

but a collagen 4S-P4H is unknown in Nature. 

6.2 Results and Discussion 

6.2.1 Conformational Analyses of Ac-hyp-OMe and Ac-mop-OMe 

First, we explored the confonnational preferences of Ac-hyp-OMe using density functional 

theory (DFT) at the B3LYP/6-311+G(2d,p) level of theory. We believed that a transannular 

hydrogen bond fonned between the 4S-hydroxyl group and the carbonyl of the Ac-hyp-OMe 

ester would dominate the calculated confonnational preferences of Ac-hyp-OMe in the gas-

phase (see Figure 6.3). As we anticipated, the two lowest energy confonnations of Ac-hyp-OMe 

display this transannular hydrogen bond, and have either a cis or trans peptide bond (geometry 

optimized confonnations are depicted in Figure 6.4). In fact, the hydrogen-bonded, trans CY-endo 

Ac-hyp-OMe confonnation (Figure 6.4A) is >3 kcal/mol more stable than the nearest non-

hydrogen bonded confonnation (for examples, see Figure 6.4C and 6.4D). Intriguingly, the 

hydrogen-bonded Ac-hyp-OMe confonnations display a slightly distorted CY-endo ring pucker. 

The hydrogen bond significantly alters both the ¢ and IfI backbone torsion angles from those 

observed in standard CY-endo ring puckers. Consequently, the IfI angle we observe in the 

geometry optimized, hydrogen-bonded confonnation of Ac-hyp-OMe in Figure 6.4A (Ifl = 140°) 
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Figure 6.4 Confonnations of Ac-hyp-OMe optimized at the B3L YP/6-311 +G(2d,p) level of 
theory and depicted with the program PyMOL (Delano Scientific, Palo Alto, CA). (A) The 
lowest energy confonnation displays the CY-endo ring pucker, a trans peptide bond, and a 
transannular, intramolecular hydrogen bond. (B) The CY-endo ring pucker with a cis peptide 
bond and a trans annular, intramolecular hydrogen bond is also highly stable. (C) The CY-endo 
ring pucker confonnation with a trans peptide bond and (D) the cY-endo ring pucker 
confonnation with a cis peptide bond (both of which lack the trans annular, intramolecular 
hydrogen bond) are> 3 kcallmolless stable than the confonnation shown in panel A. 

is closer to the !fI angle displayed by a typical CY-exo ring pucker (!fI ~ 143°) than to the !fI angle 

displayed by a typical cY-endo ring pucker (!fI ~ 152°).8,98 Similarly, the ¢ angle in Figure 6.4A 

(¢ = -65°), is intennediate between the ¢ angle displayed by a typical cY -exo ring pucker (¢ ~ -

59°) and the ¢ angle displayed by a typical CY-endo ring pucker (¢~ _70°).8,98 These findings 

suggest that the confonnational preferences of hyp are divergent from those of typical CY -endo 

puckered Pro derivatives due to the transannular hydrogen bond. Furthennore, the transannular 

hydrogen bond would disrupt collagen structure if substituted in the Xaa position, as the 

carbonyl of the Xaa position residue in a CTH must act as hydrogen bond acceptor for the 

essential interstrand hydrogen bond in the CTH (Figure 6.5). 
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Figure 6.5 Schematic of the interstrand hydrogen bonds in the collagen triple helix. An 
intramolecular hydrogen bond formed by hyp residues in the Xaa position would disrupt the 
ladder of essential interstrand hydrogen bonds in the triple helix. 

Second, we explored the conformations of Ac-hyp-OMe (prepared as described previousll6
) 

and Ac-mop-OMe (6.12) (prepared as described in Scheme 6.2) by IH NMR spectroscopy. CY-

exo ring puckered prolines usually have a high amide bond isomerization (Ktrans/cis) equilibrium 

constant due to an enhanced n---t;r* interaction between neighboring carbonyls,8,1 08·11 0,1 12 while 

CY -endo ring puckered Pro derivatives have a low Ktrans/cis. III Our findings are summarized in 

Table 6.1. 

Table 6.1 Ktrans/cis Values for Ac-Pro-OMe, Ac-hyp-OMe, and Ac-mop-OMe (6.12) 
Ac-Xaa-OMe Ktrans/cis (CDCh 
Ac-Pro-OMe 4.0 
Ac-hyp-OMe 5.0 

Ac-mop-OMe (6.12) 1.9 

Briefly, we observed that both Ac-hyp-OMe and Ac-mop-OMe (6.12) have particularly low 

Ktrans/cis values in aqueous solution, suggesting that they adopt a CY-endo ring pucker. In CDCh, 

Ac-mop-OMe (6.12) maintains its low Ktrans/cis value. Intriguingly, Ac-hyp-OMe has a high 

Ktrans/cis in CDCh. Apparently, the stability of the trans annular hydrogen bond (Figure 6.3) is 

enhanced in non-aqueous solution. Consistent with our calculations (vide supra), we suggest that 

this intramolecular hydrogen bond distorts the tjJ and 'If angles of Ac-hyp-OMe in CDCh to 

values similar to those typically observed in a CY -exo ring pucker. These distorted tjJ and 'If angles 

enhance the stability afforded to the trans conformation by the n---t;r* interaction,8,110 and thus 

increase the Ktrans/cis of Ac-hyp-OMe in non-aqueous solution. Second-order perturbation theory 
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using natural bond orbital analysis290 suggests that the n~Jr* interaction in the hydrogen-bonded 

conformation of trans Ac-hyp-OMe shown in Figure 6.4A could be worth as much as 1.0 

kcallmol. This same interaction is worth <0.05 kcallmol in the non-hydrogen bonded 

conformation shown in Figure 6.4C, which explains the increase in Ktrans/cis for Ac-hyp-OMe in 

CDCh relative to the Ktrans/cis in water. 

In addition to extracting Ktrans/cis values from IH NMR spectroscopy, we were also able to 

determine the dominant ring puckers from the coupling constants between hydrogen atoms on 

h l 'd" 2182192450 h b . fh' I' ('d ',r.) he' fA t e pyrro 1 me rmg. " n t e aSIs 0 t IS ana YSIS VI e In;ra , t e conlormatIons 0 c-

hyp-OMe and Ac-mop-OMe (6.12) are predominantly CY-endo in D20 and CDCh, respectively. 

Based on the similar Ktrans/cis value for Ac-mop-OMe (6.12) in D20 and CDCh, we can assume 

the CY-endo ring pucker is dominant for Ac-mop-OMe (6.12) in water. We could not, however, 

conclusively evaluate the dominant ring pucker of Ac-hyp-OMe in CDCh because of 

overlapping peaks in the 1 H NMR spectrum. 

6.2.2 Crystallographic Studies on hyp and mop 

We crystallized Ac-hyp-OMe to explore its conformation in the solid state. Our crystal 

structure of Ac-hyp-OMe (Figures 6.6B and 6.6C) displays a cis peptide bond and a CY-endo ring 

pucker. Intriguingly, the transannular hydrogen bond that we calculated would be the most stable 

conformation in the gas phase did not occur in solid-phase, likely due to crystal packing forces 

(the hydroxyl group hydrogen bonds instead to an amide acceptor in a neighboring molecule in 

the crystal lattice). Notably, a crystal structure of Ac[S]-hyp-OMe (the thioamide form of Ac-

hyp-OMe) is very similar to that of Ac-hyp-OMe, and displays a CY-endo ring pucker with a 

trans peptide bond.291 
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Figure 6.6 Crystal structures of CY -endo puckered Pro derivatives depicted with the program 
PyMOL (Delano Scientific, Palo Alto, CA)_ (A) Structure of Ac-Pro-OMe_5 (B) Molecular 
drawing of Ac-hyp-OMe with 50% probability ellipsoids_ (C) Structure of Ac-hyp-OMe. (D) 
Structure of Boc-mop-OH (6.8)_ (E) Molecular drawing of Boc-mop-OH (6.8) with 50% 
probability ellipsoids_ 

We were unable to obtain a crystal structure of Ac-mop-OMe (6.12)_ We nonetheless 

obtained a crystal structure of the related mop derivative Boc-mop-OH (6.8) (Figures 6.6D and 

6_6E)_ As we expected, Boc-mop-OH (6.8) displayed the CY-endo ring pucker in the crystalline 

state. The methoxy group was oriented away from the ring, likely to avoid unfavorable steric 

interactions with the carboxylate moiety. A crystal structure of Ac[S]-mop-OMe (the thioamide 

form of Ac-mop-OMe (6.12)) reiterates these results, displaying a CY-endo ring pucker and 

typical backbone torsion angles for a CY-endo ring pucker,291 

Taken together, our data suggest that a transannular hydrogen bond in hyp strongly impacts 

its conformation. Furthermore, they suggest that mop strongly prefers the CY-endo ring pucker in 

solution. Hence, mop should stabilize protein structure when substituted for a CY-endo puckered 

Pro or Pro derivative in a peptide or protein (for example, in the Xaa position of the CTH)_ 
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6.2.4 Synthesis of(hypProGlyJI5, (mopProGlyJI5, and (ProProGlyJI5 

CTHs with hyp in the Xaa position are notoriously unstable and have not been fully 

characterized to date.75 This instability has puzzled researchers because other CY-endo puckered 

Pro derivatives strongly stabilize the CTH in the Xaa position. I Because CTH stability is length-

dependent, we believed that the lengthy collagen-related peptide (hypProGlY)15 might be 

sufficiently stable to fonn a CTH we could analyze by biophysical methods (preliminary data 

from Kobayashi and coworkers confinned our expectations,lol although these workers did not 

provide any confonnational analysis of (hypProGlY)15). We therefore synthesized the set of 

CRPs (hypProGlY)15, (mopProGlY)15, and (ProProGlY)15' 

(hypProGlY)15 was prepared by the segment condensation of Fmoc-hyp(tBu)ProGly-OH (6.5) 

on a solid-phase. Tripeptide 6.5 was synthesized by the route shown in Scheme 6.1. Briefly, 

Fmoc-hyp-OBn (6.1), described previously,95,292 was converted into the t-butoxy derivative 

Fmoc-hyp(tBu)-OBn (6.2) by treatment with isobutylene followed by conversion to the free 

carboxylic acid Fmoc-hyp(tBu)-OH (6.3) by hydrogenolysis of the benzyl ester. PyBroP-

mediated coupling of 4 and the hydrochloride salt of H-ProGly-OBn, prepared as described 

o 
HO~ 
L~ CBn 

6.1 'Fmoc 

Fcat. H2S04 t~ 
CH2CI2, 84% • L~ 'OBn 

6.2 'Fmoc 
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'+ 0 
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Scheme 6.1 Synthesis ofFmoc-hyp(tBu)ProGly-OH (6.5) 
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Scheme 6.2 Synthesis ofFmoc-mopProGly-OH (6.11) and Ac-mop-OMe (6.12) 

previously,15 and hydrogenolysis of the benzyl ester yielded Fmoc-hyp(tBu)ProGly-OH (6.5). 

(mopProGlY)15 was prepared by the segment condensation of Fmoc-mopProGly-OH (6.11) 

on a solid-phase. Tripeptide 6.11 was synthesized by the route shown in Scheme 6.2. Briefly, 

Boc-hyp-OBn (6.6), described previously,1I was converted to Boc-mop-OBn (6.7) by treatment 

with methyl iodide in the presence of silver(l) oxide,z93 Hydrogenolysis yielded the free 

carboxylic acid Boc-mop-OH (8). Boc-Deprotection under acidic conditions followed by 

treatment with Fmoc-OSu under basic conditions provided Fmoc-mop-OH (6.9). PyBroP-

mediated coupling of 6.9 and the hydrochloride salt ofH-ProGly-OBn and hydrogenolysis of the 

benzyl ester yielded Fmoc-mopProGly-OH (6.11). 

(ProProGly) 1 5 was prepared by the segment condensation of Fmoc-ProProGly-OH 

tripeptides, prepared as described previously, 15 on a solid phase. 
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6.2.4 Conformational Analyses of(hypProGlY)15, (mopProGlY)15, and (ProProGlyJI5 

Circular dichroism (CD) spectrometry was used to analyze the conformations of 

(hypProGlY)15, (mopProGlY)15, and (ProProGlY)15 in solution. The signature CD spectrum of the 

CTH has a maximum near 225 nm and a minimum near 210 nm. CTHs also display a 
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Figure 6.7 Conformational analysis of (hypProGlY)15, (mopProGlY)15, and (ProProGlY)15 by 
CD spectroscopy. (A) Spectra of peptide solutions (0.2 mM in 50 mM acetic acid) incubated 
at :::;4 °C for 2:24 h. (B) Effect of temperature on the molar ellipticity at 226 nm. Data were 
recorded at intervals of 3-°C after equilibration for 2:5 min. 
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cooperative transition near 225 nm upon heating. Figure 6.7 A shows CD spectra of 

(hypProGlY)ls, (mopProGlY)ls, and (ProProGlY)ls at 4°C, all of which appear triple-helical. 

Upon heating, cooperative transitions at 226 nm (a hallmark of the CTH) were observed for all 

three CRPs (Figure 6.7B). Tm values were determined by fitting the data to a two-state model 

(Table 6.2).197 We observed that (ProProGlY)ls forms a highly stable CTH with Tm = 65°C. In 

contrast, (hypProGlY)ls forms a weakly stable CTH, with Tm = 25°C. O-Methylation of hyp 

significantly stabilizes the CTH, yielding a CTH with Tm = 47°C. The increased stability of 

(mopProGlY)ls CTHs relative to (hypProGlY)ls CTHs is likely due, at least in part, to deleterious 

preorganization in (hypProGlY)ls, In addition, the carbonyl moiety of hyp required to form the 

essential interstrand hydrogen bond in the CTH (Figure 6.5), is partially engaged in an 

intramolecular transannular hydrogen bond with the hydroxyl moiety of hyp and is not readily 

available to form the interstrand hydrogen bond. O-Methylation removes the transannular 

hydrogen bond and preorganizes the Xaa position appropriately for CTH formation, thereby 

substantially rescuing the instability of a (hypProGlY)ls CTH. 

Table 6.2 Tm Values and Thermodynamic Parameters for Triple-Helical CRPs 
peptide T m a Ml (kcal/mol) - TAS (kcal/molt AG (kcal/molt 

(hypProG1Y)15 25 -29.9 20.5 -9.5 
, (mopProG1Y)15 47 -24.7 13.1 -11.6 

(ProProGlY)15 65 -32.8 19.0 -13.8 
"Determined in triplicate by CD spectroscopy. bEvaluated at T= 46 DC. The largest source of error (±5%) was in the 
determination of [peptide]. 

Because the CTH is trimeric, analytical ultracentrifugation (AVC) is useful for confirming 

self-assembly. Sedimentation equilibrium experiments (vide infra) confirmed the self-assembly 

of (hypProGlY)ls, (mopProGlY)ls, and (ProProGlY)ls at 4 °C and the complete disassembly of 

(hypProGlY)IS at 40°C, consistent with our CD results. 

6.2.4 Thermodynamic Analyses of(hypProGlyh5, (mopProGlyh5, and (ProProGlyh5 
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We were surprised to observe that a (mopProGlY)ls CTH is less stable than a (ProProGlY)ls 

CTH, especially since mop is more preorganized for substitution in the Xaa position of a CTH 

than is Pro (vide supra). To further understand the physicochemical basis of the relative 

stabilities of (hypProGlY)ls, (mopProGlY)ls, and (ProProGlY)ls CTHs, we analyzed their 

thermally-induced conformational transitions by differential scanning calorimetry (OSC) (Figure 

6.8). Thermodynamic parameters were obtained as described in the Experimental section, and 

are reported in Table 6.2. 

CTH formation is entropically costly, due to the absence of a substantial hydrophobic core24S 

and the requirement for trimer assembly. These factors account for the strongly unfavorable -

TI1S which we observe for all three CTHs (Table 6.2). It is noteworthy that the most stable CTH, 

that formed from (ProProGlY)ls, also has the most favorable M-J for CTH formation. The 

entropic cost for folding of (ProProGlY)ls is between that for folding of (hypProGlY)ls and 

(mopProGlY)ls. 

The striking instability of (hypProGlY)ls CTHs relative to (ProProGlY)ls CTHs derives from 
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Figure 6.S OSC scans of (hypProGlY)ls (122 )..tM), (mopProGlY)ls (122 )..tM), and 
(ProProGlY)ls (96 )..tM) in 50 mM HOAc (pH 3.0; scan rate = 6 DC/h). 
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both enthalpic and entropic effects. The less favorable bH of (hypProGly) I 5 could occur because 

the trans annular hydrogen bond in hyp (Figures 6.3 and 6.4) reduces the favorable enthalpic 

effect of the interstrand hydrogen bond (Figure 6.5) in the CTH. The reduction in bH upon 4S-

hydroxylation of the Xaa position Pro in (ProProGlY)n is in stark contrast to the highly 

enthalpically favorable effect of 4R-hydroxylation of the Yaa position Pro in (ProProGlY)n.69
,72 

The latter result is due to the enthalpically favorable (but entropically costly) hydration of the 

hydroxyl moiety of Hyp in the Yaa position of folded CTHs. We might anticipate an even 

greater reduction in bH for (hypProGlY)15 relative to (ProProGlY)15 due to disruption of the 

interstrand hydrogen bond, but similar hydration of the hydroxyl moiety in hyp could have a 

competing enthalpically favorable (but once again entropically costly) effect. The instability of 

(hypProGlY)15 CTHs is also due, in part, to an increased entropic cost for (hypProGlY)15 CTH 

formation. This is consistent with the hypothesis that hyp residues are poorly preorganized for 

the Xaa position of the CTH, due to the transannular hydrogen bond which disrupts the tjJ and 'I' 

backbone torsion angles typically associated with a CY -endo ring pucker. 

Our DSC data also provide insight into the enhanced stability of (mopProGlY)15 CTHs 

relative to (hypProGlY)15 CTHs. The enhancement is due entirely to a more favorable entropy of 

CTH formation, consistent with mop being highly preorganized for the Xaa position of the CTH. 

Given this apparently high degree of preorganization, it is surprising that (mopProGlY)15 CTHs 

are less stable than (ProProGlY)15 CTHs. The reduced stability of (mopProGly) I 5 CTHs relative 

to (ProProGlY)15 CTHs is attributable to a less favorable enthalpy of CTH formation. 

To further explore the reduced enthalpy of (mopProGlY)15 CTHs, we resorted to molecular 

modeling of CTHs containing mop and Mop residues. (ProMopGlY)n CTHs are hyperstable 

relative to (ProProGlY)n CTHs due to favorable preorganization manifested entropically and to 
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Figure 6.9 Space-filling models of segments of triple helices constructed from the three 
dimensional structure of a (ProProGlY)n triple helix (PDB entry lk6f7) by replacing a H on CY 
of either an Xaa or Yaa position Pro with a methoxy group using the program SYBYL 
(Tripos, St. Louis, MO) and depicting the images with the program PyMOL (Delano 
Scientific, Palo Alto, CA). (A) Segment of a (ProMopGlY)n triple helix, showing the lack of 
steric hindrance to incorporation of a 4R-methoxy group in the Yaa position. (B) Segment of a 
(mopProGlY)n triple helix, showing the steric hindrance encountered by a 4S-methoxy group 
in the Xaa position. 

an enthalpy of CTH formation indistinguishable from that of a (ProProGlY)n CTH.69
,72 To 

understand the dichotomy between the stabilities of (mopProGlY)n and (ProMopGlY)n CTHs, we 

compared the effects of mop in the Xaa position and Mop in the Yaa position on CTH structure. 

Figure 6.9 displays space-filling models of (ProMopGlY)n and (mopProGIY)n CTHs. We 

observed that, because the amino acid residue across the CTH from a methoxy group in the Yaa 

position is Gly, the 4R-methoxy group of a Mop residue has sufficient room and does not interact 

unfavorably with any neighboring atoms in a folded CTH (Figure 6.9A). In contrast, the 

insertion of a 4S-methoxy group on a Pro residue in the Xaa position is sterically unfavorable, 

because the amino acid residue across the CTH from such a methoxy group is a sterically 

demanding Yaa position Pro residue (Figure 6.9B). The carbonyl of a mop residue in the Xaa 

position of a CRP engages the N-H of a neighboring Gly residue in another strand in the formed 

CTH (Figure 6.5). Hence, any unfavorable steric interaction of the methoxy residue in a 

(mopProGlY)n CTH with the neighboring strand (Figure 6.9B) would lengthen the essential 

interstrand hydrogen bond in the CTH. Such a lengthening would be enthalpically costly, and 
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explains the reduced enthalpy of CTH fonnation for (mopProGlY)15 relative to (hypProGlY)15 

and (ProProGlY)15' This competing enthalpic effect is likely to be the reason that CTHs formed 

from (mopProGlY)15 are less stable than (ProProGlY)15 CTHs, despite their apparently high 

degree of preorganization. 

Further evidence that sterics underlie the reduced stability of (mopProGlY)15 CTHs relative to 

(ProProGlY)15 CTHs derives from earlier findings for CTHs with (2S,4S)-4-chloroproline (c1p) in 

the Xaa position of the CTH.12 Despite c1p's adoption of the CY-endo ring pucker, a 

(c1pProGly)1O CTH is slightly less stable than a (ProProGly)1O CTH. This difference would be 

magnified if a hypothetical (c1pProGlY)15 CTH were compared to a (ProProGlY)15 CTH. The 

CTH destabilization arising from substitution of a sterically demanding 4S-chlorine atom on a 

Xaa position Pro confinns that deleterious steric effects underlie the slightly reduced stability of 

both (c1pProGlY)n and (mopProGlY)n CTHs relative to (ProProGlY)15 CTHs, despite their more 

favorable preorganization. 

6.3 Conclusion 

6.3.1 Collagen Implications 

We studied the effects of hyp and mop on the CTH. CY -endo puckered Pro derivatives 

typically stabilize the CTH when substituted in the Xaa position. In this respect, hyp is 

anomalous because it strongly destabilizes the CTH, despite adopting the CY-endo ring pucker. 

We hypothesized that this instability might be due to a transannular hydrogen bond which 

distorts the ¢ and If! backbone torsion angles that accompany a typical CY-endo ring pucker and 

reduces the hydrogen bond acceptor ability of the hyp carbonyl (Figure 6.3). We confinned this 
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hypothesis by making the simplest possible covalent modification of hyp: O-methylation to fonn 

mop. Like hyp, mop adopts the CY -endo ring pucker due to the gauche effect, but the 

transannular hydrogen bond is eliminated in a mop residue. O-Methylation of the hyp residues in 

(hypProGlY)15 CRPs substantially rescues CTH stability, demonstrating that the transannular 

hydrogen bond in hyp is deleterious for CTH stability. 

6.3.2 Protein Engineering Implications 

Our findings have important implications for the burgeoning field of protein engineering with 

Pro derivatives. We have shown how hyp and mop can be expected to behave when incorporated 

in peptide and protein sequences. The 4S-Pro derivative mop should prove broadly useful for 

enforcing the CY-endo ring pucker in proteins and peptides. The utility of hyp in protein 

engineering is limited by the features we have described here. In the context of collagen, we find 

that derivatization of the Xaa position Pro in CTHs can be problematic due to steric hindrance, 

an important finding given recent developments in the field of collagen-based biomaterials 

d b d · . . f h Y .. P ·d 92178179 create y envatIzatlOn 0 t e aa posItIon ro resl ue. ' , 

6.3.3 Biological Implications 

Nature selected 4R-hydroxylation of Pro residues in collagen, and possibly in other proteins, 

as a means to revert the inherent preference of Pro for a CY -endo ring pucker and to pre organize 

the set of ¢ and If! backbone torsion angles that accompany a CY-exo ring pucker. Our findings 

explain the absence of prolyl-4S-hydroxylases from Nature's protein stabilization toolbox. The 

4S-hydroxylation of Pro to fonn hyp results in a Pro derivative that pre organizes ¢ and If! 

backbone torsion angles already accounted for by 4R-hydroxylation of Pro to fonn Hyp. 
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Furthermore, hyp residues are accompanied by the additional disadvantage that the hydrogen 

bond acceptor ability of their carbonyls is reduced by the intramolecular, trans annular hydrogen 

bond (Figure 6.3). It is interesting to speculate that, instead of prolyl-4S-hydroxylases, the prolyl-

3S-hydroxylases evolved to overcome these disadvantages of hyp and enforce the CY-endo ring 

pucker in natural proteins via incorporation of 3S-hyp. It is noteworthy that prolyl-3R-

hydroxylases, like prolyl-4S-hydroxylases, are not known in Nature. The absence of a prolyl-3R-

hydroxylase could originate from a deleterious transannular hydrogen bond similar to the 

hydrogen bond that occurs in hyp, as a 3R-hydroxyl moiety on Pro is properly oriented to engage 

in such an interaction. 
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6.5 Experimental 

6.5.1 General Considerations 
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Commercial chemicals were of reagent grade or better, and were used without further 

purification. Anhydrous CH2Ch was obtained from a CYCLE-TAINER® solvent delivery system 

(1. T. Baker, Phillipsburg, NJ). In all reactions involving anhydrous solvents, glassware was 

either oven- or flame-dried. NaHC03 and brine (NaCl) refer to saturated aqueous solutions. 

Flash chromatography was performed with columns of silica gel 60, 230--400 mesh (Silicycle, 

Quebec City, Canada). Semi-preparative HPLC was performed at 60°C with a Macherey-Nagel 

C-8 reversed-phase column after preheating peptides to 70°C for 2:30 min to disassemble any 

oligomers. Analytical HPLC was performed with a Varian C-18 reversed-phase column. HPLC 

purifications and analyses employed linear gradients of solvent A (H20 with 0.1 % v/v TF A) and 

solvent B (CH3CN with 0.1 % v/v TF A). The term "concentrated under reduced pressure" refers 

to the removal of solvents and other volatile materials using a rotary evaporator at water 

aspirator pressure «20 torr) while maintaining the water-bath temperature below 40°C. 

Residual solvent was removed from samples at high vacuum «0.1 torr). The term "high 

vacuum" refers to vacuum achieved by a mechanical belt-drive oil pump. NMR spectra were 

acquired with a Bruker DMX-400 Avance spectrometer eH, 400 MHz; l3C, 100.6 MHz) at the 

National Magnetic Resonance Facility at Madison (NMRF AM). NMR spectra were obtained at 

ambient temperatures on samples dissolved in CDCh, unless otherwise noted. Mass 

spectrometry was performed with either a Micromass LCT (electrospray ionization, ESI) in the 

Mass Spectrometry Facility in the Department of Chemistry or an Applied Biosystems Voyager 

DE-Pro (matrix-assisted laser desorption/ionization, MALO I) mass spectrometer in the 

University of Wisconsin Biophysics Instrumentation Facility (UW-BIF). 
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6.5.2 Synthesis oj N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-tert-butoxyproline Benzyl Ester 

(6.2) 

Fmoc-hyp-OBn (6.1) (1.25 g, 2.8 mmoI), described previously,9S,292 was dissolved in 

anhydrous CH2Ch (20 mL) and cooled to -78 DC. Concentrated H2S04 (30 JlL) was added 

followed by approx. 20 mL of isobutylene (~220 mmol, condensed at -78 DC). The resulting 

solution was capped with a rubber septum, sealed with copper wire around the neck of the round-

bottom flask, and allowed to warm slowly to rt with stirring. After 5 d, the solution was cooled to 

-78 DC and the septum was removed to allow slow evaporation of isobutylene. Upon warming to 

rt, the solution was concentrated under reduced pressure. The crude product was purified by flash 

chromatography over silica gel (40% v/v EtOAc in hexanes) to afford Fmoc-hyp(tBu)-OBn (6.2) 

(1.18 g, 84%) as a colorless oil. IH NMR J: 1.14 and 1.17 (s, 9H), 2.03-2.13 (m, IH), 2.33-2.48 

(m, IH), 3.33-3.44 (m, IH), 3.71-3.82 (m, IH), 3.98-4.55 (m, 5H), 4.97-5.29 (m, 2H), 7.19-

7.44 (m, 9H), 7.47-7.64 (m, 2H), 7.70-7.79 (m, 2H); l3C NMR J: 28.3, 37.9, 38.9, 47.3, 53.5, 

53.9, 57.7, 57.9, 66.9, 66.9, 67.6, 68.7, 69.6, 74.2, 120.0, 120.1, 125.1, 125.3, 125.5, 127.2, 

127.8, 128.2, 128.3, 128.4, 128.6, 135.8, 135.9, 141.4, 141.4, 141.5, 143.8, 144.4, 154.6, 155.0, 

171.8, 172.0; ESI-EMM (mlz): [M + Nat calcd for C31H33NOsNa 522.2256; found 522.2231. 

6.5.3 Synthesis oj N-9-Fluorenylmethyloxycarbonyl-(2S, 4S)-4-tert-butoxyproline (6.3) 

MeOH (100 mL) was added carefully to a mixture of Fmoc-hyp(tBu)-OBn (6.2) (1.79 g, 3.6 

mmoI) and PdlC (10% w/w, 0.38 g) under Ar(g), and the resulting black suspension was stirred 

under H2(g) for 45 min. Careful monitoring by thin-layer chromatography (TLC) was necessary 

to prevent hydrogenolysis of the Fmoc group. The suspension was filtered through a pad of 

Celite and concentrated under reduced pressure. The crude product was purified by flash 
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chromatography over silica gel (95% v/v CH2Ch in MeOH) to afford Fmoc-hyp(tBu)-OH (6.3) 

(1.39 g, 95%) as a white solid. IH NMR (MeOH-d4) b: 1.18 (s, 9H), 1.90-2.08 (m, IH), 2.35-

2.50 (m, IH), 3.17 and 3.25 (dd, J= 4.5,11.0, IH), 4.14-4.46 (m, 5H), 7.26-7.43 (m, 4H), 7.57-

7.68 (m, 2H), 7.75-7.83 (m, 2H); \3C NMR (MeOH-d4) b: 28.5, 38.8, 39.7, 48.4, 54.5, 55.0, 

58.8, 68.6, 69.0, 69.9, 70.6, 75.2, 120.9, 126.1, 126.2, 128.1, 128.8, 142.5, 142.6, 142.7, 145.1, 

145.4, 145.4, 156.5, 156.7, 175.5, 175.7; ESI-EMM (m/z): [M + Nat calcd for C24H27NOsNa 

432.1787; found 432.1800. 

6.5.4 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-tert-butoxypr0Iyl-(2S)-

prolylglycine Benzyl Ester (6.4) 

A solution of Fmoc-hyp(tBu)-OH (6.3) (1.31 g, 3.2 mmol) and the chloride salt ofH-ProGly-

OBn (3.60 g, 12.0 mmol, prepared as described previouslyls) in anhydrous CH2Ch (160 mL) was 

cooled to 0 °C. PyBroP (1.49 g, 3.2 mmol) and DIEA (3.31 g, 25.6 mmol) were added. The 

resulting solution was allowed to warm slowly to rt and then stirred for 15 h. The reaction 

mixture was washed with 10% w/v aqueous citric acid (60 mL), NaHC03(aq) (60 mL), and brine 

(60 mL). The organic layer was dried over anhydrous MgS04(s), and concentrated under reduced 

pressure. The crude residue was purified by flash chromatography over silica gel (gradient: 30% 

v/v EtOAc in hexanes to 100% v/v EtOAc) to afford Fmoc-hyp(tBu)ProGly-OBn (6.4) (1.74 g) 

as a white solid containing a slight impurity that was removed after the succeeding step. ESI-

EMM (m/z): [M + Nat calcd for C38H43N307Na 676.2999; found 676.2982. 

6.5.5 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-tert-butoxyprolyl-(2S)-

prolylglycine (6.5) 
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MeOH (100 mL) was added carefully to a mixture of Fmoc-hyp(tBu)ProGly-OBn (6.4) (1.74 

g, 2.7 mmol) and PdlC (10% w/w, 0.32 g) under Ar(g), and the resulting black suspension was 

stirred under H2(g) for 2 h. Careful monitoring by TLC was necessary to prevent hydrogenolysis 

of the Fmoc group. The suspension was filtered through a pad of Celite and concentrated under 

reduced pressure. The crude product was purified by flash chromatography over silica gel 

(CH2Ch to elute byproducts, then 3% v/v MeOH in CH2Ch containing 0.1 % v/v formic acid). 

The fractions containing the reaction product were concentrated under reduced pressure and the 

formic acid was removed by dissolving the residue in 10% v/v MeOH in toluene and 

concentrating under reduced pressure to afford Fmoc-hyp(tBu)ProGly-OH (6.5) (1.27 g, 84%, 

two steps) as a white solid. IH NMR (MeOH-d4) c5: 1.16 and 1.19 (s, 9H), 1.61-2.23 (m, 5H), 

2.33-2.58 (m, 1H), 2.93-3.10 (m, 1.4H), 3.33-3.42 (m, 0.5H) 3.47-3.67 (m, 1.3H), 3.68-3.86 

(m, 1.7H), 3.90-4.03 (m, 1H), 4.04-4.53 (m, 5.5H), 4.66-4.74 (m, 0.5H), 7.25-7.45 (m, 4H), 

7.53-7.66 (m, 2H), 7.75-7.85 (m, 2H); l3C NMR (MeOH-d4) c5: 22.9, 23.1, 25.7, 25.8, 28.5, 

28.6, 30.1, 30.2, 32.5, 33.2, 37.5, 37.7, 38.3, 41.7, 42.1, 47.8,53.4, 53.7, 47.3, 57.8, 58.1, 67.5, 

68.5, 68.7, 69.7, 70.3, 75.0, 75.1, 75.3, 120.9, 125.7, 126.1, 128.2, 128.2, 128.3, 128.8., 142.6, 

142.7, 144.9, 145.1, 145.5, 145.7, 156.0, 156.5, 172.6, 172.9, 173.0, 173.3, 174.0, 174.5, 174.7; 

ESl-EMM (mlz): [M - Hr calcd for C31H36N307 562.2558; found 562.2556. 

6.5.6 Synthesis of N-tert-Butoxycarbonyl-(2S, 4S)-4-methoxyproline benzyl ester (6.7) 

Boc-hyp-OBn (6.6) (6.94 g, 21.6 mmol), prepared as described previously, II was dissolved in 

anhydrous acetone (150 mL) under Ar(g). Mel (10.73 g, 75.6 mmol) was added, followed by 

Ag20 (16.01 g; 69.1 mmol). The resulting suspension was stirred at rt for 24 h. The suspension 

was filtered and evaporated under reduced pressure. The residue was dissolved in anhydrous 
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acetone (150 mL) a second time and Mel (10.73 g, 75.6 mmol) and Ag20 (16.01 g, 69.1 mmol) 

were added. The resulting suspension was stirred at rt for 24 h, then filtered and evaporated. 

Flash chromatography over silica gel (50% EtOAc in hexanes) afforded Boc-mop-OBn (6.7) 

(4.13 g, 57%) as a colorless oil. Unreacted starting material Boc-hyp-OBn (6.6) was also 

recovered. IH NMR J: 1.35 and 1.46 (s, 9H), 1.57-1.72 (m, 0.3H), 2.11-2.40 (m, 1.7H), 3.16 and 

3.20 (s, 3H), 3.26-3.74 (m, 2H), 3.85-3.94 (m, 1H), 4.31-4.52 (m, 1H), 5.03-5.32 (m, 2H), 

13 . 
7.28-7.39 (m, 5H); C NMR J: 28.4, 28.5, 34.7, 35.9, 51.2, 52.0, 56.5, 56.6, 57.5, 57.9, 66.8, 

78.1,79.1,80.1,80.2,128.2,128.3,128.4,128.5,128.7, 135.9, 136.1, 154.0, 172.0, 172.3; ESI-

EMM (mlz): [M + Ht calcd for CISH26NOs 336.1806; found 336.1800. 

6.5.7 Synthesis ofN-9-tert-Butoxycarbonyl-(2S,4S)-4-methoxyproline (6.8) 

MeOH (100 mL) was added carefully to a mixture of Boc-mop-OBn (6.7) (1.80 g, 5.4 mmol) 

andPdlC (10% w/w, 1.00 g) under Ar(g), and the resulting black suspension was stirred under 

H2(g) for 14 h. The suspension was filtered through a pad of Celite and concentrated under 

reduced pressure to afford Boc-mop-OH (6.8) (1.32 g, quant.) as a white solid. IH NMR 

(DMSO-d6) £5: 1.34 and 1.40 (s, 9H), 1.93-2.03 (m, 1H), 2.21-2.42 (m, 1H), 3.17 (s, 3H), 3.17-

3.24 (m, 1H), 3.47-3.59 (m, 1H), 3.85-3.96 (m, 1H), 4.08-4.20 (m, 1H); I3C NMR J: 28.4,32.3, 

35.4,51.5,53.2,56.5,56.8,78.7,81.1,82.1,154.2,157.0, 173.1, 175.1; ESI-El\1M (mlz): [M + 

Nat calcd for CIIHI9NOsNa 268.1161; found 268.1161. 

6.5.8 Synthesis ofN-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-methoxyproline (6.9) 

Boc-mop-OH (6.8) (2.15 g, 8.8 mmol) was dissolved in 4 N HCI in dioxane (150 mL) and 

the solution was stirred at rt under Ar(g) for 2.5 h. The resulting solution was concentrated under 
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reduced pressure and dried briefly under high vacuum. The resultant white solid was dissolved in 

saturated NaHC03(aq) (75 mL), a solution of Fmoc-OSu (2.96 g, 8.8 mmol) in dioxane (75 mL) 

was added, and the resulting white suspension was stirred for 20 h. The reaction mixture was 

concentrated under reduced pressure, and the residue was diluted with water (150 mL) and 

washed with ether (3 x 150 mL). The aqueous layer was acidified to pH 1.5 with 2 N HCl, 

extracted with ether (3 x 150 mL), dried over anhydrous MgS04(S), and concentrated under 

reduced pressure to afford Fmoc-mop-OH (6.9) (2.50 g, 77%) as a white solid. IH NMR 

(DMSO-d6) £5: 2.05-2.43 (m, 2H), 3.30-3.37 (m, IH), 3.55-3.62 (m, IH), 3.92-4.01 (m, IH), 

4.14-4.41 (m, 4H), 7.28-7.47 (m, 4H), 7.61-7.71 (m, 2H), 7.86-7.94 (m, 2H); I3C NMR 

(DMSO-d6) £5: 34.00, 35.1,46.6,46.7,50.9,51.3, 55.9, 57.2, 57.4, 66.6, 66.9, 77.5, 78.4, 120.1, 

125.2, 125.3, 127.2, 127.7, 140.7, 140.8, 143.8, 154.0, 172.6, 173.0; ESI-EMM (m/z): [M + Nat 

calcd for C21H21NOsNa 390.1317; found 390.1134. 

6.5.9 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-methoxyprolyl-(2S)-prolylglycine 

Benzyl Ester (6.10) 

A solution of Fmoc-mop-OH (6.9) (2.45 g, 6.7 mmol) and the chloride salt ofH-ProGly-OBn 

(3.59 g, 12.0 mmol, prepared as described previouslyls) in anhydrous CH2Ch (160 mL) was 

cooled to 0 °C. PyBroP (3.12 g, 6.7 mmol) and DIEA (3.46 g, 26.8 mmol) were added. The 

resulting solution was allowed to warm slowly to rt and then stirred for 15 h. The reaction 

mixture was washed with 10% w/v aqueous citric acid (60 mL), NaHC03(aq) (60 mL), and brine 

(60 mL). The organic layer was dried over anhydrous MgS04(s), and concentrated under reduced 

pressure. The crude residue was purified by flash chromatography over silica gel (gradient: 50% 

v/v EtOAc in hexanes to 100% v/v EtOAc) to afford Fmoc-mopProGly-OBn (6.10) (3.23 g) as a 
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white solid containing a slight impurity that was removed after the succeeding step. ESI-EMM 

(m/z): [M + Nat calcd for C3sH37N307Na 634.2529; found 634.2527. 

6.5.10 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4S)-4-methoxyprolyl-(2S)-prolylglycine 

(6.11) 

MeOH (100 mL) was added carefully to a mixture of Fmoc-mopProGly-OBn (6.10) (3.23 g, 

5.3 mmol) and Pd/C (10% w/w, 0.63 g) under Ar(g), and the resulting black suspension was 

stirred under H2(g) for 45 min. Careful monitoring by TLC was necessary to prevent 

hydrogenolysis of the Fmoc group. The suspension was filtered through a pad of Celite and 

concentrated under reduced pressure. The crude product was purified by flash chromatography 

over silica gel (CH2Ch to elute byproducts, then 5% v/v MeOH in CH2Ch containing 0.1 % v/v 

fonnic acid). The fractions containing the reaction product were concentrated under reduced 

pressure and the formic acid was removed by dissolving the residue in 10% v/v MeOH in toluene 

and concentrating under reduced pressure to afford Fmoc-mopProGly-OH (6.11) (1.98 g, 57%, 

two steps) as a white solid. IH NMR (DMSO-d6) 15: 1.58-2.04 (m, 4H), 2.55-2.70 (m, 1H), 2.99-

3.15 (m, 1H), 3.20 and 3.23 (s, 3H), 3.23-3.26 (m, 1H), 3.31-4.02 (m, 7.7H), 4.09-4.17 (m, 

0.3H), 4.19-4.66 (m, 4H), 7.26-7.47 (m, 4H), 7.51-7.70 (m, 2H), 7.84-8.07 (m, 2H), 12.53 (bs, 

1H); I3C NMR (MeOH-d4) 15: 25.8,25.9,30.0,30.1,35.2,35.8,41.8,47.9,49.9, 52.5, 52.8, 57.3, 

57.4, 58.1, 58.5, 61.3, 61.6, 67.6, 68.8, 78.9, 79.6, 120.9, 125.7, 125.9, 126.2, 128.2, 128.9, 

142.6, 142.7, 145.0, 145.1, 145.4, 145.7, 156.2, 156.7, 172.6, 172.7, 172.8, 174.5, 174.7; ESI-

EMM (mlz): [M + Nat ca1cd for C28H3lN307Na 544.2060; found 544.2065. 

6.5.11 Synthesis ofN-Acetyl-(2S,4S)-4-methoxyproline Methyl Ester (6.12) 
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Ac-hyp-OMe (0.34 g, 1.8 mmol), described previously,66 was dissolved in anhydrous acetone 

(50 mL) under Ar(g). Mel (1.14 g, 8.0 mmol) was added, followed by Ag20 (0.94 g, 7.4 mmol). 

The resulting suspension was stirred at rt for 24 h. The suspension was filtered and evaporated 

under reduced pressure. The resulting residue was dissolved in EtOAc (100 mL), washed with 

water (2 x 100 mL), dried over anhydrous MgS04(S), and concentrated under reduced pressure. 

Flash chromatography over silica gel (gradient: 0% v/v MeOH in CH2Clz to 10% v/v MeOH in 

CH2Clz) afforded Ac-mop-OH (6.12) (0.25 g, 69%) as a colorless oil. IH NMR b: 2.04 and 2.10 

(s, 3H), 2.19-2.28 (m, IH), 2.30-2.36 (m, 0.65H), 2.56-2.63 (m, 0.35H), 3.25 and 3.30 (s, 3H), 

3.55-3.71 (m, 2H), 3.72 and 3.76 (s, 3H), 3.91-4.05 (m, IH), 4.37-4.41 (m, 0.35H), 4.65 (dd, J 

= 3.5,8.7 Hz, 0.65H); \3C NMR b: 22.2, 22.4, 34.2, 36.3, 51.7, 52.5, 52.8, 53.1, 56.3, 56.8, 57.0, 

59.0, 77.8, 79.2, 105.2, 169.7, 170.3, 172.0; ESI-EMM (mlz): [M + Ht calcd for C9H I6N04 

202.1074; found 202.1070. 

6.5.12 Attachment of Fmoc-hyp (tBu)Pro Gly-OH (6.5) to 2-Chlorotrityl Resin 

Under Ar(g), 80 mg of 2-chlorotrityl chloride resin (loading: 1.7 mmollg) was swelled in 

anhydrous CH2Clz (0.7 mL) for 5 min. A solution of compound 6.5 (75 mg, 0.13 mmol) and 

DIEA (32 mg, 0.25 mmol) in anhydrous CH2Clz (1.3 mL) was added by syringe. Additional 

anhydrous CH2Clz (1.3 mL) was used to ensure complete transfer of 6.5. After 2 h, anhydrous 

MeOH (0.6 mL) was added to cap any remaining active sites on the resin. The resin-bound 

peptide was isolated by gravity filtration, washed with several portions of anhydrous CH2Clz 

(~25 mL), and dried under high vacuum. The mass of the resin-bound peptide was 90 mg. 

Loading was measured by ultraviolet spectroscopi 96 to be 0.36 mmollg. 
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6.5.13 Attachment of Fmoc-mopProGly-OH (6.11) and Fmoc-ProProGly-OH to 2-Chlorotrityl 

Resin 

Fmoc-tripeptide 6.11 and Fmoc-ProProGly-OH were loaded onto 2-chlorotrityl reSIn In 

similar fashion to that described for 5. Loadings were measured by ultraviolet spectroscopy to 

be 0.32 mmollg for 6.11 and 0.35 mmollg for Fmoc-ProProGly-OH. 196 

6.5.14 Synthesis of(hypProGly)J5, (mopProGly)J5, and (ProProGly)J5 

The three 45-mer peptides were synthesized by segment condensation of their corresponding 

Fmoc-tripeptides (6.5, 6.11, and Fmoc-ProProGly-OH) on a solid phase using an Applied 

Biosystems Synergy 432A Peptide Synthesizer at the University of Wisonsin-Madison 

Biotechnology Center. The first trimer was loaded onto the resin as described above. Fmoc-

deprotection was achieved by treatment with 20% (v/v) piperidine in DMF. The trimers (3 

equivalents) were converted to active esters by treatment with HBTU, DIEA, and HOBt. Double 

extended couplings (60-90 min) were employed at rt for all couplings except the first three 

couplings in the synthesis of (hypProGlY)ls, in which single extended couplings were employed. 

Peptides were cleaved from the resin in 95:3:2 TFA:triisopropylsilane:H20 (l.5 mL), 

precipitated from methyl t-butyl ether at 0 DC, and isolated by centrifugation. Semi-preparative 

HPLC was used to purify the peptides (hypProGlY)ls (10% B for 5 min, increasing to 35% B 

over 45 min), (mopProGlY)lS (gradient: 10% B to 70% B over 50 min), and (ProProGlY)lS 

(gradient: 10% B to 70% B over 50+ min). All three peptides were >90% pure by analytical 

HPLC and MALDI-TOF mass spectrometry (m/z) [M + Nat calcd for C180H2S7N4S061Na 

4048.8, found 4048.6 for (hypProGlY)ls, calcd for C19SH287N4S061Na 4260.1, found 4258.0 for 

(mopProGlY)ls; calcd for C180H2S7N4S046Na 3809.9, found 3809.5 for (ProProGlY)lS' 
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6.5.15 Circular Dichroism Spectroscopy of(hypProGlyJI5, (mopProGlY)15, and (ProProGlyJI5 

Peptides were dried under vacuum for at least 24 h before being weighed and dissolved to 0.2 

mM in 50 mM HOAc(aq) (pH 2.9). The solutions were incubated at :s4 °C for 2:24 h before CD 

spectra were acquired using an Aviv Associates (Lakewood, NJ) 202SF CD spectrometer. 

Spectra were measured with a l-nm band-pass in cuvettes with a O.I-cm pathlength. The signal 

was averaged for 5 sec during wavelength scans and denaturation experiments using a 0.6 °C 

temperature deadband. During denaturation experiments, CD spectra were acquired at intervals 

of 3°C. At each temperature, solutions were equilibrated for 5 min before data acquisition. 

Values of Tm were determined by fitting the molar ellipticity at 225 nm to a two-state model. I97 

T m values were determined in triplicate. 

6.5.16 Differential Scanning Calorimetry and Thermodynamic Analyses of (hypProGly) 15, 

(mopProGly) 15, and (ProProGly) 15 

DSC measurements were conducted on a VP-DSC instrument (MicroCal, LLC, 

Northampton, MA). Instrument baselines were established by filling both the sample and the 

reference cells with degassed 50 mM HOAc(aq) and scanning from 5-98 °C at a scan rate of 6 

°C/h with a 10 h pre-equilibration period, until the baseline stabilized. The final buffer-buffer 

scan was used as the baseline for subsequent peptide scans. Peptide solutions (~I 00 IlM in 50 

mM HOAc(aq)) were incubated at 4 °C for 2:24 h prior to degassing and loading in the sample 

cell (the reference cell solution was not replaced) during the cooldown from the previous buffer

buffer scan (at ~ 10°C). Samples were scanned from 5-98 °C at a scan rate of 6°C/h with a 10 h 

pre-equilibration period; the first scan of each sample was used in the analysis. Subsequent scans 
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of (mopProGlY)ls and (ProProGlY)ls showed high reversibility with >90% recovery. 

(hypProGlY)ls folds significantly more slowly than (mopProGlY)ls and (ProProGlY)ls, but data 

could be reproduced reliably by re-incubating the sample at 4 °C for 2:24 h, loading the solution 

in the sample cell, and re-scanning from 5-98 °C. After DSC measurements, peptide 

concentrations were determined by quantitative amino acid analysis (Protein Chemistry Core, 

Biomolecular Resource Facility, University of Texas Medical Branch). Peptide concentrations of 

122 ~M, 122 ~M, and 96 ~M were obtained for (hypProGly) IS, (mopProGlY)ls, and 

(ProProGlY)ls, respectively. 

Data were processed using the MicroCal software in the Origin 7 program (OriginLab Corp., 

Northampton, MA). The appropriate reference scan was subtracted from the first sample scan 

and the data were normalized to monomer concentrations. For (hypProGlY)ls and (ProProGlY)ls, 

a progress baseline was subtracted from the data, yielding the traces shown in Figure 6.8. 

(mopProGlY)ls exhibited a strong exotherm beginning at ~50 °C, which prevented determination 

of a high-temperature baseline (see Figure 6.10 for the raw data), although the transition was 

nonetheless fully reversible. A linear baseline based on the low temperature data was therefore 

subtracted from the data and only the first half of the endotherm was used to extract 

thermodynamic parameters. We also evaluated the transition of (mopProGlY)ls at a second 

concentration, which produced equivalent results and confirmed the validity of our approach. 

Values of MJ (per mole of monomer) were obtained by direct integration of the DSC 

endotherms for (hypProGlY)ls and (ProProGlY)ls, and by calculating twice the integral of the 

first half of the DSC endotherm for (mopProGlY)ls (under the assumption that the endotherm 

was symmetric-see simulated data in Figure 6.8). /1S at the Tm was calculated using the 

equation: Tm = MJ/(/1S + R-In(0.75c2
)), where c is the concentration of monomeric peptide 
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Figure 6.10 Raw data for DSC scans of (mopProGly) 15. Note the large exotherm subsequent 
to triple-helix denaturation, which suggests extensive aggregation at high temperatures. 
Thermodynamic parameters were extracted from just the first half of the endotherm, which 
was not affected by the aggregation phenomenon. The initial scan is shown as a solid line. A 
rescan of the same sample (dotted line) after recooling shows that the transition is fully 
reversible. 

determined from amino acid analysis and Tm is the maximum of the DSC endotherm.256 Because 

our model assumes I1Cp = 0 for CTH unfolding (an approximation commonly employed for 

CTHs formed from collagen-related peptides69
,81,126), I1H and I1S are independent of temperature. 

Values of 110 T = 46°C were calculated with the equation 110 = I1H - TI1S, and are reported in 

Table 6.2. T = 45°C was selected to report thermodynamic parameters, because it is the average 

of the T m values for the three peptides determined by DSC. The thermodynamic parameters are 

most valid at temperatures near the T m. 

6.5.17 Measurement of Ktranslcis Values of Ac-hyp-OMe and Ac-mop-OMe (6.12) 
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Ac-hyp-OMe and Ac-mop-OMe (6.12) (5-10 mg) were dissolved in D20 or CDCh (~0.8 

mL). IH NMR spectra were acquired and worked up using the software NUTS. 195 
Ktrans/cis was 

determined from the relative areas of trans and cis peaks. 

6.5.18 Computational Methodology 

The conformational preferences of Ac-hyp-OMe were examined by hybrid DFT as implemented 

in Gaussian 03.220 Geometry optimizations and frequency calculations at the B3L YP/6-

311 +G(2d,p) level of theory were performed to obtain intamolecularly hydrogen-bonded 

conformers of Ac-hyp-OMe in both the trans and cis geometries, as well as on cis and trans CY-

endo Ac-hyp-OMe conformers lacking the intramolecular hydrogen bond (see Figure 6.4). 

Frequency calculations on the optimized structures yielded no imaginary frequencies, indicating 

true stationary points on the potential energy surface. The resulting self-consistent field (SCF) 

energies were corrected by the zero-point vibrational energy (ZPVE) determined in the 

frequency calculations (Table 6.3). Our calculations show that the cis and trans conformers of 

Ac-hyp-OMe with a transannular intramolecular hydrogen bond are significantly more stable 

than non-hydrogen bonded conformations in the gas-phase. Optimized geometries were analyzed 

by NBO 5.0 at the B3L YP/6-311 +G(2d,p) level of theory, to estimate the energetic stabilization 

attributable to the intramolecular hydrogen bond and the n ~ 1t* interaction (see Table 6.3).290 

Table 6.3 SCF Energies (atomic units; au) for Ac-hyp-OMe Calculated at the B3L YP/6-
311 +G(2d,p) Level of Theory 

Ac-hyp-OMe confonner 

trans, CY-endo, with H
bond 

Energy 
-668.5632064 

trans, CY-endo, no H-bond -668.5554173 
cis, CY-endo, with H-bond -668.5593751 
cis, CY-endo, no H-bond -668.555142 

aFrom second-order perturbation theory. 

ZPE correction 
0.214309 

0.213095 
0.213953 
0.213196 

Energy (corrected) 
-668.3488974 

-668.3423223 
-668.3454221 
-668.341946 

EH-oon/ 
(kcal/mol) 

5.95 

3.70 

En~tr*a 
(kcal/mol) 

1.00 

0.04 
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6.5.19 Sedimentation Equilibrium Experiments on (hypProGlY)15, (mopProGly)J5, and 

(ProProGlY)15 

Sedimentation equilibrium experiments were performed with a Beckman XL-A Analytical 

Ultracentrifuge at the University of Wisconsin Biophysics Instrumentation Facility (UW-BIF). 

Samples were diluted to approximately 0.1 mM in 50 mM potassium phosphate buffer (pH 3) 

and equilibrated at ::;4 °C for 2:24 h. Equilibrium data were collected at multiple speeds at both 4 

and 40°C. Gradients were monitored at 230 nm. Solvent densities of 1.0048 and 0.99699 g/mL 

at 4 and 40°C, respectively, were calculated based on buffer composition and temperature. 

Partial specific volumes (\I) for (hypProGlY)15, (mopProGly) 15, and (ProProGly)15 were 

calculated based on amino acid content, with corrections for hydroxyl or methoxy content. 198 \I 

values of 0.694, 0.728, and 0.729 cm3/g were used for (hypProGly) 15, (mopProGly) 15, and 

(ProProGly) 15, respectively. Data were analyzed with programs written for IgorPro 

(Wavemetrics) by Dr. Darrell R. McCaslin (UW -BIF). 

A log plot of absorbance versus the square of the distance from the center of rotation is 

shown in Figure 6.11. The slope at any point is proportional to the weight-averaged molecular 

weight, provided that the extinction coefficients per unit mass of assembled and monomeric 

peptides are equivalent. 

Sedimentation equilibrium results at 40°C are consistent with a single monomenc 

species for (hypProGlY)15, a mixture of primarily monomer and some trimer for (mopProGlY)15, 

and a mixture of primarily trimer and some monomer for (ProProGly) 15, as shown in Figure 6.1l. 

At 4°C, the dramatic change in gradient for (hypProGlY)15 and (mopProGlY)15 is consistent with 

the assembly of these species into a CTH. The fit shown at 4 °C for these two peptides 

(Figure 6.11) is based on a mixture of primarily trimer and some monomer. The data at 4 °C for 
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Figure 6.11 Sedimentation equilibrium data for (hypProGly) I 5, (mopProGlY)15, and 
(ProProGlY)15' Data for (hypProGly)1O (black), (mopProGlY)15 (red), and (ProProGlY)15 (blue) 
at a rotor speed of 34,000 rpm are displayed (for clarity, every third data point is shown). 
Equilibrium data were collected at 4 °C (circles) and 40°C (squares). Gradients were 
monitored at 230 nm. Best fits shown are for solutions containing primarily trimer and some 
monomer at 4°C for (hypProGly) I 5 and (mopProGlY)15 and at 4 and 40°C for (ProProGlY)15' 
Best fits shown are for solutions containing only monomer at 40°C for (hypProGlY)15 and 
primarily monomer with some trimer at 40°C for (mopProGlY)15. 

(ProProGlY)15 also indicates assembly for this peptide at low temperature, but the change in 

gradient is smaller for (ProProGlY)15 because it remains largely assembled even at 40°C. The fit 

shown in Figure 6.11 for (ProProGlY)15 at 4 °C is for a mixture of primarily trimer and some 

monomer. 

6.5.20 Conformational Analysis of Ac-hyp-OMe and Ac-mop-OMe (6.12) by IH NMR 

Spectroscopy 

The preferred conformations of Ac-hyp-OMe in D20 and of Ac-mop-OMe (6.12) in CDCh 

were determined by analysis of IH,IH coupling constants (reported in Table 6.4), as has been 
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Figure 6.12 CY-Endo conformation of Ac-hyp-OMe and Ac-mop-OMe (6.12). 
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described previously for Pro derivatives (see Figure 6.12 for proton assignments).218,219,245 The 

small coupling constants between Ha-Hl3', Hl3'-Hy, and Hl3'-H8' are possible only in the CY-

endo conformation, demonstrating that Ac-hyp-OMe and Ac-mop-OMe (6.12) prefer the CY-

en do conformation in D20 and CDCh, respectively. Due to overlapping peaks, coupling 

constants could not be extracted for Ac-hyp-OMe in CDCh or for Ac-mop-OMe (6.12) in D20. 

Table 6.4 Estimated IH NMR Coupling Constants (J) of the Trans Conformers of Ac-hyp-OMe 
in D20 and Ac-mop-OMe ('""--6.=1=2)L-1=·n'---C-=--D.::....C--=..=h_.,-----___ ----,-__ _ 

Ac-h~E-OMe Ac-moE-OMe (6.12} J(H-Hl 

Ha-HJi 9.6 9.2 
Ha-HJi' 2.0 3.5 
HP-HJi' 13.8 13.4 
HP-Hy nda nd 

HJi~Hy 2.0 3.5 
HP-H8 
HJi~H8' 2.0 1.0 
Hy-H8 4.5 nd 

Hy-H8' 2.0 nd 

Ho...H8' 11.9 
and indicates the coupling constant could not be detennined due to overlapping peaks or higher-order effects. 

6.5.21 Structure Determination of Ac-hyp-OMe 

The crystals of Ac-hyp-OMe used for X-ray structure determination were obtained by 

dissolving the white solid in a minimum of EtOAc, equilibrating with a reservoir of hexanes, and 

allowing the solvent to slowly evaporate over ~2 weeks. A colorless crystal with approximate 

dimensions 0.44 x 0.11 x 0.10 mm3 was selected under oil under ambient conditions and 

attached to the tip of a MiTeGen MicroMount©. The crystal was mounted in a stream of cold 
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nitrogen at 100(2) K and centered in the X-ray beam by using a video camera. The crystal 

evaluation and data collection were performed on a Bruker SMART APEXII diffractometer with 

eu Ku (A = 1.54178 A) radiation and the diffractometer to crystal distance of 4.03 cm. 

The initial cell constants were obtained from three series of OJ scans at different starting 

angles. Each series consisted of 50 frames collected at intervals of 0.50 in a 250 range about OJ 

with the exposure time of 60 s per frame. The reflections were successfully indexed by an 

automated indexing routine built in the SMART program. The final cell constants were 

calculated from a set of 2361 strong reflections from the actual data collection. 

The data were collected by using the full sphere data collection routine to survey the 

reciprocal space to the extent of a full sphere to a resolution of 0.82 A. A total of 9359 data were 

harvested by collecting 14 sets of frames with 0.50 scans in OJ with an exposure time 15-30 s per 

frame. These highly redundant datasets were corrected for Lorentz and polarization effects. The 

absorption correction was based on fitting a function to the empirical transmission surface as 

sampled by multiple equivalent measurements.200 

The systematic absences in the diffraction data were uniquely consistent for the space groups 

P2)2)2) that yielded chemically reasonable and computationally stable results of refinement. 284 A 

successful solution by the direct methods provided most non-hydrogen atoms from the E-map. 

The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles 

and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic 

displacement coefficients. All hydrogen atoms were included in the structure factor calculation at 

idealized positions and were allowed to ride on the neighboring atoms with relative isotropic 

displacement coefficients. 
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The best crystal selected for a single-crystal X-ray diffraction experiment proved to be a split 

crystal with approximately a 4: 1 contribution ratio between the two components. The final 

refinement presented here is based on the major component only. The absolute structure of the 

compound could not be unambiguously established and is arbitrarily shown as S,S. The final 

least-squares refinement of 121 parameters against 984 data resulted in residuals R (based onF2 

for 1"2:2a) and wR (based on F2 for all data) of 0.0381 and 0.1022, respectively. The final 

difference Fourier map was featureless. Data related to the structure of Ac-hyp-OMe are 

presented in Tables 6.5-6.10. 

6.5.22 Structure Determination of Boc-mop-OH (6.8) 

The crystals of Boc-mop-OH (6.8) suitable for X-ray analysis were obtained by dissolving 

the compound in a minimum of CDCh and allowing the solvent to slowly evaporate over ~2 

weeks. A colorless crystal with approximate dimensions 0.52 x 0.36 x 0.10 mm3 was selected 

under oil under ambient conditions and attached to the tip of a Micromount©. The crystal was 

mounted in a stream of cold nitrogen at 100(2) K and centered in the X-ray beam by using a 

video camera. The crystal evaluation and data collection were performed on a Bruker CCD-1 000 

diffractometer with Mo ~ (A = 0.71073 A) radiation and the diffractometer to crystal distance 

of4.9 cm. 

The initial cell constants were obtained from three series of OJ scans at different starting 

angles. Each series consisted of 60 frames collected at intervals of 0.3 0 in a 60 range about tV with 

the exposure time of 15 s per frame. The reflections were successfully indexed by an automated 

indexing routine built in the SMART program. The final cell constants were calculated from a 

set of 6766 strong reflections from the actual data collection. 
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The data were collected by usmg the full sphere data collection routine to survey the 

reciprocal space to the extent of a full sphere to a resolution of 0.80 A.. A total of 20594 data 

were harvested by collecting four sets of frames with 0.360 scans in OJ and one set with 0.450 

scans in rp with an exposure time 41 s per frame. These highly redundant datasets were corrected 

for Lorentz and polarization effects. The absorption correction was based on fitting a function to 

the empirical transmission surface as sampled by multiple equivalent measurements.200 

The systematic absences in the diffraction data were consistent for the space group P2! that 

yielded chemically reasonable and computationally stable results of refinement.2oo A successful 

solution by the direct methods provided most non-hydrogen atoms from the E-map. The 

remaining non-hydrogen atoms were located in an alternating series of least-squares cycles and 

difference Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement 

coefficients. All hydrogen atoms were included in the structure factor calculation at idealized 

positions and were allowed to ride on the neighboring atoms with relative isotropic displacement 

coefficients. The crystal is a merohedral twin with a 0.6859(17):0.3141(17) twin component 

ratio. The twin law is [-1 000 -1 000 1]. 

The final least-squares refinement of 160 parameters against 1727 data resulted in residuals R 

(based on F2 for I?:2a) and wR (based on p2 for all data) of 0.0304 and 0.0771, respectively. The 

final difference Fourier map was featureless. Data related to the structure of Boc-mop-OH (6.8) 

are presented in Tables 6.11-6.16. 



Table 6.5. Crystal Data and Structure Refinement for Crystalline Ac-hyp-OMe 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 70.07° 
Absorption correction 
Max. and min. transmission 

Refinement method 
Data I restraints I parameters 

Goodness-of-fit on F2 
Final R indices [1> 20(1)] 
R indices ( all data) 
Absolute structure parameter 

Largest diff. peak and hole 

CBH 13N04 

187.19 
100(l)K 
1.54178 A 
Orthorhombic 
P2)2)2) 
a = 7.5448(2) A 
b = 10.5798(4) A 
c = 11.1164(4) A 

887.34(5) A3 
4 

1.401 Mg/m3 

0.954 rum-I 
400 

0.44 x 0.11 x 0.10 rum3 

5.77-70.07°. 

a= 90°. 

fJ= 90°. 
y= 90°. 

-9:::;h:::;9,-12:::;k:::; 12,-13:::;/:::; 13 
1645 
984 [Rint = 0.0275] 
98.4 % 
Empirical with SADABS 
0.9106 and 0.6789 

Full-matrix least-squares on F2 
984 I 0 1121 

1.107 
RI = 0.0381, wR2 = 0.1003 
RI = 0.0411, wR2 = 0.1022 
N/A 

0.146 and-0.224 e.k3 
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Table 6.6. Atomic Coordinates (104) and Equivalent Isotropic Displacement Parameters (A2 x 

103) for Crystalline Ac-hyp-OMe 

0(1) 
0(2) 
0(3) 
0(4) 
N(1) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 

x 

4182(2) 
6489(2) 
6797(2) 

384(2) 
3lO1(3) 
4416(3) 
5819(3) 
5854(3) 
3900(3) 
1358(3) 
681(3) 

5173(3) 
4777(4) 

y 

3473(2) 
4809(2) 
2766(2) 
3192(2) 
4001(2) 
4848(2) 
4929(2) 
3582(2) 
3186(2) 
3956(2) 
4860(2) 
4372(2) 
3081(3) 

z 

5733(2) 
5801(2) 
8131(2) 
8243(2) 
7979(2) 
7436(2) 
8425(2) 
8931(2) 
89lO(2) 
7718(2) 
6782(2) 
6258(2) 
4556(3) 

aU(eq) is defined as one-third of the trace of the orthogonalized Vii tensor. 

U(eq)" 

42(1) 
45(1) 
42(1) 
44(1) 
37(1) 
38(1) 
39(1) 
39(1) 
38(1) 
38(1) 
41(1) 
39(1) 
49(1) 



Table 6.7 Bond Lengths [A] and Angles [0] for Crystalline Ac-hyp-OMe 
0(1)-C(7) 
0(1)-C(8) 
O(2)-C(7) 
0(3)-C(3) 
0(3)-H(3A) 
0(4)-C(S) 
N(1)-C(S) 
N(1)-C(l) 
N(1)-C(4) 
C(1)-C(7) 
C(1)-C(2) 
C(l)-H(1A) 
C(2)-C(3) 
C(7)-O( 1 )-C(8) 
C(3)-0(3)-H(3A) 
C(S)-N(1)-C(l) 
C(S)-N(1)-C(4) 
C(1)-N(1)-C(4) 
N (1 )-C(1 )-C(7) 
N(1 )-C(1 )-C(2) 
C(7)-C( 1 )-C(2) 
N(1)-C(l)-H(1A) 
C(7)-C(1)-H(1A) 
C(2)-C(1)-H(1A) 
C( l)-C(2 )-C(3) 
C(1)-C(2)-H(2A) 
C(3)-C(2)-H(2A) 
C(1 )-C(2)-H(2B) 
C(3)-C(2)-H(2B) 
H(2A)-C(2)-H(2B) 
0(3)-C(3)-C(4) 
0(3)-C(3)-C(2) 
C(4)-C(3)-C(2) 
0(3 )-C(3 )-H(3B) 
C(4)-C(3)-H(3B) 
C(2)-C(3)-H(3B) 
N(l )-C( 4)-C(3) 
N(1)-C(4)-H(4A) 
C(3)-C(4)-H(4A) 
N(1)-C(4)-H(4B) 
C(3)-C(4)-H(4B) 
H(4A)-C(4)-H(4B) 
0(4)-C(S)-N(1) 
0(4)-C(S)-C(6) 
N(1 )-C(S)-C(6) 
C(5)-C(6)-H(6A) 
C(S)-C(6)-H(6B) 
H(6A)-C(6)-H(6B) 
C(S)-C(6)-H(6C) 
H(6A)-C(6)-H(6C) 
H(6B)-C(6)-H(6C) 
0(2)-C(7)-0(1 ) 
0(2)-C(7)-C( 1) 
0(1 )-C(7)-C( 1) 

1.343(3) 
1.444(3) 
1.208(3) 
1.429(3) 
0.8400 
1.238(3) 
l.348(3) 
1.466(3) 
1.476(3) 
1.S1S( 4) 
1.S28(3) 
1.0000 
1.S33(3) 

11S.1(2) 
109.S 
126.4(2) 
121.9(2) 
111.68(18) 
114.04(19) 
101.9S(19) 
112.24(18) 
109.4 
109.4 
109.4 
102.93(18) 
111.2 
111.2 
111.2 
111.2 
109.1 
107.71(19) 
109.9(2) 
103.4(2) 
111.8 
111.8 
111.8 
104.1(2) 
110.9 
110.9 
110.9 
110.9 
108.9 
120.0(2) 
122.7(2) 
117.3(2) 
109.S 
109.S 
109.S 
109.S 
109.S 
109.S 
123.1(2) 
123.1(2) 
1l3.6(2) 

C(2)-H(2A) 
C(2)-H(2B) 
C(3)-C(4) 
C(3)-H(3B) 
C(4)-H(4A) 
C(4)-H(4B) 
C(S)-C(6) 
C(6)-H(6A) 
C(6)-H(6B) 
C(6)-H(6C) 
C(8)-H(8A) 
C(8)-H(8B) 
C(8)-H(8C) 
0(1)-C(8)-H(8A) 
0(1)-C(8)-H(8B) 
H(8A)-C(8)-H(8B) 
0(1 )-C(8)-H(8C) 
H(8A)-C(8)-H(8C) 
H(8B)-C(8)-H(8C) 

0.9900 
0.9900 
1.S33(3) 
1.0000 
0.9900 
0.9900 
1.502(3) 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 

109.S 
109.S 
109.S 
109.S 
109.S 
109.S 
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Table 6.8 Anisotropic Displacement Parameters (A2 x 103) for Crystalline Ac-hyp-OMea 

U11 U22 U33 U23 ul3 U12 

0(1) 32(1) 42(1) 54(1) -4(1) 2(1) -2(1) 
0(2) 30(1) 46(1) 58(1) 2(1) 3(1) -4(1) 
0(3) 24(1) 37(1) 65(1) -2(1) 1(1) 2(1) 
0(4) 26(1) 41(1) 66(1) 3(1) 0(1) -4(1) 
N(1) 25(1) 35(1) 52(1) 2(1) 2(1) 0(1) 
C(1) 24(1) 34(1) 58(1) 1 (1) 1 (1) -1(1) 
C(2) 25(1) 37(1) 55(1) -1(1) 0(1) -1(1) 
C(3) 28(1) 35(1) 54(2) -1(1) 1(1) 1(1) 
C(4) 28(1) 37(1) 49(1) 2(1) 1(1) 2(1) 
C(5) 26(1) 36(1) 53(1) -5(1) 2(1) 1(1) 
C(6) 27(1) 38(1) 57(1) 0(1) -1(1) 2(1) 
C(7) 26(1) 34(1) 56(1) 3(1) -4(1) -1(1) 
C(8) 40(1) 54(2) 54(2) -8(1) 1(1) -2(1) 

"The anisotropic displacement factor exponent takes the form: _2p2[h2 a*2U 11 + ... + 2 h k a* b* U12
]. 
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Table 6.9 Hydrogen coordinates (x 104) and isotropic displacement parameters (A2 x 10 3) 
for Crystalline Ac-hyp-OMe 

x y z U(eq) 

H(3A) 7866 2987 8lO2 63 
H(lA) 3875 5701 73lO 46 
H(2A) 5476 5548 9051 46 
H(2B) 6988 5169 8090 46 
H(3B) 6356 3556 9764 47 
H(4A) 3778 2282 8695 45 
H(4B) 3336 3331 9702 45 
H(6A) -602 4752 6692 61 
H(6B) 1266 4687 6012 61 
H(6C) 938 5729 7033 61 
H(8A) 3949 2457 4227 74 
H(8B) 5959 2703 4621 74 
H(8C) 4829 3817 4021 74 



Table 6.10 Torsion Angles [0] for Crystalline Ac-hyp-OMe 

C(5)-N(1 )-C(1 )-C(7) 
C( 4)-N( 1 )-C(l )-C(7) 
C(5)-N(l )-C(l )-C(2) 
C( 4)-N (1 )-C( 1 )-C(2) 
N (1 )-C( 1 )-C(2)-C(3) 
C(7)-C( 1 )-C(2)-C(3) 
C( 1 )-C(2)-C(3)-0(3) 
C(1)-C(2)-C(3)-C(4) 
C( 5)-N (1 )-C( 4 )-C(3) 
C(l)-N (1 )-C( 4 )-C(3) 
0(3 )-C(3 )-C( 4)-N (1) 
C(2)-C(3)-C( 4)-N(l) 
C( 1)-N (l )-C( 5)-0(4) 
C( 4)-N (l )-C( 5)-0(4) 
C( 1)-N(l)-C(5)-C(6) 
C( 4)-N (1 )-C( 5)-C( 6) 
C(8)-0( 1 )-C(7)-0(2) 
C(8)-0( 1 )-C(7)-C( 1) 
N (1 )-C( 1 )-C(7)-O(2) 
C(2)-C( 1 )-C(7)-O(2) 
N (1 )-C( 1 )-C(7)-0( 1) 
C(2)-C(1 )-C(7)-0(l) 

-84.4(3) 
97.2(2) 
154.4(2) 
-24.0(2) 
37.7(2) 
-84.7(2) 
76.6(2) 
-38.2(2) 

-178.1(2) 
0.3(3) 

-92.8(2) 
23.6(2) 
180.0(2) 
-1.9(4) 
-0.l(4) 

178.0(2) 
-1.4(3) 

174.5(2) 
-165.6(2) 
-50.3(3) 
18.5(3) 
l33.8(2) 
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Table 6.11 Crystal Data and Structure Refinement for Crystalline Boc-mop-OH (6.8) 
Empirical formula C11H19NOs 
Formula weight 245.27 
Temperature 105(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group P2 1 

Unit cell dimensions a = 6.3770(16) A 
b = 9.552(2) A 

Volume 
Z 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 

c = 10.158(3) A 

618.8(3) A3 
2 

1.316 Mg/m3 

0.104 mm- 1 

264 

0.52 x 0.36 x 0.10 mm3 

2.00 to 29.02°. 

a= 90°. 
fJ= 90.190(3)°. 
y= 90°. 

Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 29.02° 
Absorption correction 

-8::;h::;8,-12::;k::; 13,-13::;/::; 13 
10263 

Max. and min. transmission 

Refinement method 
Data 1 restraints 1 parameters 

Goodness-of-fit on F2 
Final R indices [I> 20(1)] 
R indices (all data) 
Absolute structure parameter 
Twin component ratio 

Largest diff. peak and hole 

1727 [R;nt = 0.0319] 
98.9% 
Empirical with SADABS 
0.9897 and 0.9481 

Full-matrix least-squares on F2 
1727/1/160 

1.108 
RI = 0.0304, wR2 = 0.0767 
Rl = 0.0312, wR2 = 0.0771 
N/A 
0.6859(17):0.3141 (17) 

0.228 and-0.124 e.A-3 
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Table 6.12 Atomic Coordinates (104) and Equivalent Isotropic Displacement Parameters (A2 x 

103) for Crystalline Boc-mop-OH (6.8) 

0(1) 
0(2) 
0(3) 
0(4) 
0(5) 
N(1) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 

x 

4942(2) 
6991(3) 

11034(2) 
12392(2) 
9609(3) 
7097(3) 
8634(3) 
8237(4) 
7754(3) 
6376(3) 
6260(3) 
6784(4) 
7881(4) 
4496(4) 
7954(5) 

10898(3) 
11055(4) 

y 

2938(2) 
1640(2) 
2033(2) 
-100(2) 
1045(2) 
1241(2) 

134(2) 
-786(2) 
307(2) 

l358(2) 
2018(2) 
2581(2) 
3955(3) 
2788(3) 
1775(3) 
674(2) 
226(3) 

z 

7524(2) 
8923(2) 
7257(2) 
6901(2) 
4325(2) 
6778(2) 
6960(2) 
5753(2) 
4690(2) 
5397(2) 
7731 (2) 

10070(2) 
9775(2) 

10445(3) 
11144(2) 
7011(2) 
3600(2) 

a U( eq) is defined as one-third of the trace of the orthogonalized Ui tensor. 

U(eq)" 

19(1) 
19(1) 
20(1) 
21(1) 
19(1) 
16(1) 
15(1) 
19(1) 
18(1 ) 
18(1) 
16(1) 
18(1) 
26(1) 
30(1) 
28(1) 
15(1) 
23(1) 



Table 6.13 Bond Lengths [A] and Angles [0] for Crystalline Boc-mop-OH (6.8) 

0(1)-C(5) 
0(2)-C(5) 
0(2)-C(6) 
0(3)-C(10) 
0(3)-H(3) 
0(4)-C(1O) 
0(5)-C(11 ) 
0(5)-C(3) 
N(1)-C(5) 
N(1)-C(I) 
N(1)-C(4) 
C(1)-C(2) 
C(1)-C(IO) 
C(1)-H(1) 
C(2)-C(3) 
C(2)-H(2A) 
C(2)-H(2B) 
C(3)-C(4) 
C(5)-0(2)-C(6) 
C(1O)-0(3)-H(3) 
C(11)-0(5)-C(3) 
C(5)-N(1)-C(I) 
C(5)-N(1)-C(4) 
C( 1)-N(1)-C(4) 
N (1 )-C( 1 )-C(2) 
N(1)-C(1)-C(IO) 
C(2)-C(1)-C(1O) 
N (1 )-C( 1 )-H(1) 
C(2)-C( 1 )-H(1) 
C( 10 )-C(1 )-H(1 ) 
C( 1 )-C(2)-C(3) 
C( 1 )-C(2)-H(2A) 
C(3)-C(2)-H(2A) 
C(1)-C(2)-H(2B) 
C(3)-C(2)-H(2B) 
H(2A)-C(2)-H(2B) 
0(5)-C(3)-C(4) 
0(5)-C(3)-C(2) 
C( 4)-C(3)-C(2) 
0(5)-C(3)-H(3A) 
C( 4 )-C(3)-H(3 A) 
C(2)-C(3)-H(3A) 
N(I)-C(4)-C(3) 
N(1)-C(4)-H(4A) 
C(3)-C(4)-H(4A) 
N (1 )-C( 4)-H( 4B) 
C(3)-C(4)-H(4B) 
H(4A)-C(4)-H(4B) 
0(1)-C(5)-N(I) 
O( 1 )-C( 5)-0(2) 
N (1 )-C( 5)-0(2) 
0(2)-C( 6)-C(7) 
0(2)-C(6)-C(8) 

1.234(3) 
1.346(3) 
1.477(3) 
1.324(3) 
0.8400 
1.211(3) 
1.418(3) 
1.427(3) 
1.333(3) 
1.453(3) 
1.478(3) 
1.529(3) 
1.534(3) 
1.0000 
1.533(3) 
0.9900 
0.9900 
1.517(3) 

121.02(16) 
109.5 
113.75(17) 
125.75(17) 
121.51(18) 
112.55(16) 
101.92(16) 
113.21(16) 
111.95(17) 
109.8 
109.8 
109.8 
101.86(16) 
lIlA 
lIlA 
lIlA 
lIlA 
109.3 
106.11(17) 
110.81(17) 
103041(17) 
112.0 
112.0 
112.0 
102.75(17) 
111.2 
111.2 
111.2 
111.2 
109.1 
123.20(19) 
125.29(19) 
111.49(18) 
109.14(17) 
111.39(19) 

C(3)-H(3A) 
C(4)-H(4A) 
C(4)-H(4B) 
C(6)-C(7) 
C(6)-C(8) 
C(6)-C(9) 
C(7)-H(7A) 
C(7)-H(7B) 
C(7)-H(7C) 
C(8)-H(8A) 
C(8)-H(8B) 
C(8)-H(8C) 
C(9)-H(9A) 
C(9)-H(9B) 
C(9)-H(9C) 
C(11)-H(11A) 
C(1l)-H(11B) 
C(11)-H(11C) 
C(7)-C( 6)-C(8) 
0(2)-C( 6)-C(9) 
C(7)-C( 6)-C(9) 
C(8)-C( 6)-C(9) 
C(6)-C(7)-H(7A) 
C(6)-C(7)-H(7B) 
H(7 A)-C(7)-H(7B) 
C(6)-C(7)-H(7C) 
H(7 A)-C(7)-H(7C) 
H(7B)-C(7)-H(7C) 
C(6)-C(8)-H(8A) 
C( 6)-C(8)-H(8B) 
H(8A)-C(8)-H(8B) 
C(6)-C(8)-H(8C) 
H(8A)-C(8)-H(8C) 
H(8B)-C(8)-H(8C) 
C(6)-C(9)-H(9A) 
C(6)-C(9)-H(9B) 
H(9A)-C(9)-H(9B) 
C( 6)-C(9)-H(9C) 
H(9A)-C(9)-H(9C) 
H(9B)-C(9)-H(9C) 
0(4)-C(10)-0(3) 
0(4 )-C( 1 O)-C( 1) 
0(3)-C(1O)-C(1) 
0(5)-C(II)-H(11A) 
0(5)-C(II)-H(1lB) 
H(11A)-C(II)-H(1lB) 
0(5)-C(II)-H(11C) 
H(11A)-C(11)-H(11C) 
H(1lB)-C(11)-H(11C) 

1.0000 
0.9900 
0.9900 
1.517(3) 
1.522(3) 
1.528(3) 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 
0.9800 

112.3(2) 
102.24(17) 
110.6(2) 
110.7(2) 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
124.38(19) 
122.14(18) 
113.37(17) 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
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Table 6.14 Anisotropic Displacement Parameters (A2 x l03)for Crystalline Boc-mop-OH (6.8)a 

U11 U22 u33 U23 U13 U12 

0(1) 16(1) 16(1) 24(1) -1(1) -2(1) 1(1) 
0(2) 22(1) 18(1) 18(1) -2(1) 0(1) 4(1) 
0(3) 14(1) 16(1) 30(1) -4(1) -1(1) 1(1) 
0(4) 18(1) 18(1) 26(1) 2(1) 3(1) 4(1) 
0(5) 22(1) 16(1) 19(1) 0(1) 2(1) -2(1) 
N(1) 13(1) 17(1) 18(1 ) -1(1) -2(1) 0(1) 
C(1) 18(1) 12(1) 15(1) 1(1) 2(1) 0(1) 
C(2) 23(1) 12(1) 21(1) -1(1) 1(1) -2(1) 
C(3) 21(1) 16(1) 18(1) -2(1) -2(1) -2(1) 
C(4) 18(1) 22(1) 15(1) -2(1) -2(1) 1(1) 
C(5) 13(1) 16(1) 20(1) -2(1) 2(1) -4(1) 
C(6) 22(1) 16(1 ) 16(1) -1(1) 3(1) 1(1) 
C(7) 37(1) 21(1) 21(1) -1(1) -1(1) -8(1) 
C(8) 26(1) 32(1) 32(1) 0(1) 12(1) 6(1) 
C(9) 39(1) 26(1) 19(1) 1(1) -2(1) 7(1) 
C(10) 17(1) 16(1) 12(1) 2(1) -2(1) 0(1) 
C(ll) 26(1) 23(1) 21(1) -1(1) 4(1) 1(1) 

aThe anisotropic displacement factor exponent takes the form: _2p2[h2 a*2U II + ... + 2 h k a* b* U I2
]. 
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Table 6.15 Hydrogen Coordinates (x 104) and Isotropic Displacement Parameters (A2 x 103) 
for Crystalline Boc-mop-OH (6.8) 

x y z U(eq) 

H(3) 12301 2265 7313 24 
H(l) 8313 -402 7780 18 
H(2A) 7033 -1423 5893 22 
H(2B) 9492 -1346 5527 22 
H(3A) 7029 -115 3910 22 
H(4A) 6595 2316 5053 22 
H(4B) 4875 1110 5313 22 
H(7A) 7189 4414 9028 39 
H(7B) 9352 3772 9557 39 
H(7C) 7811 4564 10549 39 
H(8A) 3776 1881 10441 45 
H(8B) 3821 3415 9808 45 
H(8C) 4417 3200 11327 45 
H(9A) 9392 1589 10856 42 
H(9B) 7236 886 11312 42 
H(9C) 7984 2333 11953 42 
H(llA) 10317 -258 2884 35 
H(llB) 11707 -466 4184 35 
H(llC) 12142 834 3230 35 



Table 6.16 Torsion Angles [0] for Crystalline Boc-mop-OH (6.8) 

C(5)-N(1 )-C(1 )-C(2) 
C( 4)-N(1 )-C(1)-C(2) 
C(5)-N(1 )-C(1 )-C(1O) 
C( 4)-N( 1 )-C( 1 )-C( 1 0) 
N(1 )-C(1 )-C(2)-C(3) 
C(1 0)-C(1 )-C(2)-C(3) 
C(11 )-0(5)-C(3)-C(4) 
C(11)-0(5)-C(3)-C(2) 
C( 1 )-C(2)-C(3)-0(5) 
C( 1 )-C(2)-C(3)-C( 4) 
C(5)-N(1 )-C(4)-C(3) 
C(1)-N (I )-C( 4 )-C(3) 
0(5)-C(3 )-C( 4)-N(1) 
C(2)-C(3)-C( 4)-N(1) 
C(1)-N (I )-C( 5 )-0(1) 
C( 4)-N(I )-C(5)-0(1) 
C(1 )-N(I)-C(5)-0(2) 
C(4)-N(1 )-C(5)-0(2) 
C( 6)-0(2)-C( 5)-0( 1) 
C( 6)-0(2)-C(5)-N (1) 
C(5)-0(2)-C(6)-C(7) 
C(5)-0(2)-C( 6)-C(8) 
C(5)-0(2)-C(6)-C(9) 
N (1 )-C( 1 )-C(1O)-O( 4) 
C(2)-C( 1 )-C( 1 0)-0(4) 
N (I )-C( 1 )-C( 10 )-0(3) 
C(2)-C( 1 )-C( 1 0)-0(3) 

154.43(19) 
-20.6(2) 
-85.2(2) 
99.8(2) 

37.32(19) 
-84.0(2) 

-177.70(18) 
70.7(2) 
71.9(2) 
-41.4(2) 

179.68(18) 
-5.1(2) 

-88.01(19) 
28.7(2) 

-179.29(19) 
-4.7(3) 
-1.0(3) 

173.58(18) 
-19.5(3) 

162.30(18) 
-58.8(2) 
65.8(3) 

-175.96(19) 
-165.41(18) 

-50.9(3) 
18.2(2) 

132.72(18) 
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CHAPTER 7* 

DIPOLE-DIPOLE INTERACTIONS STABILIZE THE COLLAGEN TRIPLE HELIX 

Abstract: The primary amino acid sequence of collagen is composed of GlyXaaYaa repeats. A 

prevailing theory of collagen structure and stability maintains that stable triple helices form when 

(2S)-proline (Pro) or its derivatives that prefer the CY-endo ring pucker are in the Xaa position 

and Pro derivatives that prefer the CY-exo ring pucker are in the Yaa position. Anomalously, an 

amino-acid sequence occurring in invertebrate collagen has (2S,4R)-4-hydroxyproline (Hyp), a 

CY-exo puckered Pro derivative, in the Xaa position. In certain contexts, triple helices with Hyp 

in the Xaa position are now known to be hyperstable. Most intriguingly, the sequence 

(GlyHypHYP)n forms a more stable triple helix than does the sequence (GlyProHYP)n. Several 

competing theories exist for the physicochemical basis of this hyperstability. Herein, we employ 

chemical synthesis and a variety of biophysical techniques to prepare and analyze the structure 

and. stability of a novel set of triple helices with a diverse manifold of CY-exo puckered Pro 

derivatives in both the Xaa and Yaa positions. We propose that interstrand dipole-dipole 

interactions are the primary determinant of the stability endowed by a GlyHypHyp triplet. This 

conclusion is in contrast to earlier reports, which argue that differential hydration underlies the 

stability. Our findings provide insight into new means to engineer stable triple helices for 

biological and materials applications. 

*This chapter has been prepared for publication, III part, under the same title. Reference: 

Shoulders, M. D.; Raines, R. T. In preparation. 
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7.1 Introduction 

Collagen is an essential structural protein and the most abundant protein in animals. The 

fundamental sequence requirement for collagen triple-helix (CTH) formation is that every third 

amino acid be a glycine (Gly) residue, resulting in a repeating GlyXaaYaa sequence. A second 

characteristic feature of collagen, at least in vertebrates, is that the amino acid in the Xaa position 

is often (2S)-proline (Pro; 28%) and the amino acid in the Yaa position is often (2S,4R)-4-

hydroxyproline (Hyp; 38%).34 The presence of a high percentage of Pro and Pro derivatives in 

the collagen sequence is a prerequisite for formation of thermally stable CTHs. 

The classical forms of the CTH are formed from three parallel, polyproline II-type (PPII) 

strands stitched together by a ladder of interstrand N-HCGly)""O=CCXaa) hydrogen bonds.! The two 

classical forms of the CTH are differentiated by their axial pitch. The first form has a 7/2 helical 

pitch (7 residues per two turns) and the second form has a 10/3 helical pitch. The 7/2 form is 

observed in nearly all the CTH crystal structures solved to date (most of which are Pro-rich).46 

The 10/3 form has generally eluded high-resolution structural analyses, although it is the form of 

the CTH originally proposed by Rich and Crick4o,42 and is observed within the Pro-poor region 

of at least one crystalline CTH.47 Both forms of the CTH have all their peptide bonds in the trans 

Table 7.1 Typical ¢ and Ifl Angles at the Xaa, Yaa, and Gly Positions for CTHs (the m Angles in 
all the CTHs are ~ 180°) 

parameter 712 CTH (ref. 294) 10/3 CTH (ref. 295) (GlyHypHyp)n CTH" (refs. 17.127) 

helical pitch 7/2 10/3 7/2 
¢Xaa position (0) -75.5 -72.1 -67.7 
'I' Xaa position CO) 152.0 164.3 158.3 
¢ Yaa position CO) -62.6 -75.0 -60.7 
'I' Yaa position CO) 147.2 155.8 152.3 
¢Gly position (0) -70.2 -67.6 -71.1 
'I' Gly position (0) 175.4 151.4 174.0 

'Obtained from the average of the values from the two available high-resolution crystal structures of (GlyHypHYP)n 
CTHs. 
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configuration and are characterized by the distinct sets of ¢ and 'If peptide backbone torsion 

angles displayed in Table 7.1. 

A broadly applicable theory for how Pro and Hyp stabilize the 712 CTH has emerged over the 

past decade. 1 ,98,1\2 Briefly, it is known that two conformations of Pro and Pro derivatives (CY-

endo and CY-exo; Figure 7.l) are dominant. 14 These two ring puckers have distinctive sets of ¢ 

and 'If peptide backbone torsion angles: CY-endo puckered Pro typically has ¢ -;::::, -71 ° and 'If -;::::, 

152°, while CY-exo puckered Pro typically has ¢-;::::, -59° and 'If -;::::, 143°.8,98 The peptide backbone 

torsion angles that accompany a CY -endo pucker are similar to those required in the Xaa position 

of the 712 CTH. Likewise, the peptide backbone torsion angles that accompany a CY -exo ring 

pucker are similar to those required in the Yaa position of the 712 CTH. Consistent with these 

observations, a wealth of data shows that Pro derivatives that prefer the CY -endo ring pucker 

stabilize the CTH when substituted in the Xaa position, while Pro derivatives that prefer the CY-

exo ring pucker stabilize the CTH when substituted in the Yaa position. A number of methods 

'lbl fi d' dP' k" l' fii 122067-are now aval a e to en orce a eSIre ro nng puc er VIa stenc or stereoe ectromc e ects, , , 

69,71,88,99,202,245,262 and these have been utilized to modulate CTH stability across a broad 

spectrum. I ,4,256 Nature itself uses these effects to generate stable CTHs. I Pro, which has a slight 

preference for the CY-endo ring pucker,8 is abundant in the Xaa position of natural CTHs. Hyp, 

which has a strong preference for the CY-exo ring pucker,5,89 is abundant in the Yaa position of 

natural CTHs.34 It is noteworthy that CY-exo puckered Pro derivatives, such as Hyp, are strongly 

C"-endo pucker O-exo pucker 

Figure 7.1 Preferred ring conformations for proline and proline derivatives. 



310 
destabilizing in the Xaa position of the CTH. For example, the collagen-related peptide (CRP) 

(HypProGly)1O does not form a stable CTH.75 

Surprisingly, Bachinger and coworkers recently reported that Hyp is permissible in the Xaa 

position of stable CTHs in certain contexts. 130,13) These workers demonstrated that the sequence 

(GlyHypYaa)n forms a more stable CTH than the corresponding sequence with Pro in the Xaa 

position when the Yaa position is occupied by Thr or Thr(p-D-Gal). 130 Although vertebrates 

have Hyp residues exclusively in the Yaa position of their collagen strands, several invertebrates 

have Hyp residues in the Xaa position of their collagen.129,296-299 Hence, it was proposed that the 

context-dependent stabilization endowed on CTHs by Hyp in the Xaa position could be 

important for the structural integrity of invertebrates. l3o More surprisingly, several groups 

showed that the instability of (GlyHypPro)n CTHs can be reverted by the 4R-hydroxylation of 

the Yaa position prolines to form (GlyHypHYP)n sequences.70,73,)26,)28 The (GlyHypHyP)n 

sequence actually forms a slightly more stable CTH than does a (GlyProHYP)n sequence, despite 

contradicting the usual requirement for a Pro derivative that prefers the CY-endo conformation in 

the Xaa position of the CTH. 

Several hypotheses were put forth to explain the unforeseen hyperstability of (GlyHypHyP)n-

containing CTHs. Initially, Zagari and coworkers proposed that this stability could be due to 

either a direct or water-mediated interstrand hydrogen bond between the hydroxyl groups of Xaa 

and Yaa position Hyp residues.7o Formation of such a hydrogen bond requires that the Xaa 

position Hyp residue adopt the energetically disfavored CY-endo conformation. On the other 

hand, Mizuno et aI, who were the first to report the startling finding that an Ac-(GlyHypHyp)lO-

NH2 CTH is more stable than an Ac-(GlyProHyp)w-NH2 CTH,126 attributed this unexpected 

hyperstability to the higher Ktrans/cis ratio of Hyp relative to Pro and the high propensity of Hyp 
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residues to adopt a PPII confonnation. Supporting this conclusion, calorimetry experiments 

demonstrated that the hyperstability of Ac-(GlyHypHyp)IO-NH2 is due to a more favorable 

entropy for CTH fonnation relative to Ac-(GlyProHyp )1O-NH2.126 Both of these theories were 

developed with the assumption that the typical ¢ and 'II peptide backbone torsion angles in the 

Xaa and Yaa position of CTHs are retained in a triple-helical (GlyHypHYP)n sequence, and that 

the Xaa position Hyp residue adopts the energetically disfavored CY-endo pucker. 

A particularly important advance occurred in 2005, when two research groups obtained high-

resolution crystal structures of CTHs with the (GlyHypHYP)n sequence. 17,127 In these crystal 

structures, the Xaa position Hyp residues adopt the energetically favored CY-exo ring pucker. 

Furthennore, the peptide backbone torsion angles, especially in the Xaa position, were slightly 

altered from those observed in the classical, Pro-rich 712 CTH. CTHs fonned from 

(GlyHypHyP)n CRPs are thus structurally distinct from both the 7/2 and 10/3 CTHs, displaying 

the ¢ and 'II peptide backbone torsion angles listed in Table 7.1 but retaining a 712 helical pitch 

and trans peptide bonds. 

The adoption of the energetically favored CY -exo ring pucker by Xaa position Hyp residues 

causes a distortion of the backbone torsion angles of the CTH from the "ideal" torsion angles 

adopted by the 712 CTH. How is the energetic penalty for CTH distortion paid? Several groups 

have put forth possible answers to this question. Because calorimetry experiments show that the 

hyperstability of Ac-(GlyHypHyp)IO-NH2 is due (apparently) to a reduced entropic cost for CTH 

fonnation,126 most of the proposals in the past three years rely on mechanisms that could 

stabilize the CTH by purely entropic effects. Kobayashi and coworkers confinned the 

calorimetry experiments of Mizuno et al (vide supra), but proposed an alternative stabilization 

mechanism for CTHs containing the GlyHypHyp triplet. 17,73 Partial specific volume (PSV) 
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measurements of (ProHypGly)10 and (HypHypGly)1O show that the triple-helical states of these 

two CRPs have a similar degree of hydration. On the other hand, (HypHypGly)1O is much more 

highly hydrated than (ProHypGly)1O in its fully denatured state. Hence, Kobayashi and 

coworkers attributed the entropy-based hyperstability of (HypHypGly)1O to the entropic gain 

associated with release of water upon CTH folding. 17 This proposal that "differential hydration" 

underlies the hyperstability of CTHs with Hyp in the Xaa and Yaa positions was supported by 

data from Bachinger, Terao, and coworkers. 132 These workers used small-angle X-ray scattering 

analysis of CRPs containing GlyHypHyp, GlyProHyp, GlyHypPro, and GlyProPro triplets to 

confirm the existence of differential hydration. High-resolution crystallographic analyses of 

related host-guest CRPs was also interpreted to support the differential hydration hypothesis.133 

On the other hand, Radmer and Klein have argued that CTHs with Hyp in the Xaa position will, 

in principle, be stable whenever amino acids with appropriate rjJ and 'I' preferences are placed in 

the Yaa position.30o Finally, on the basis of theoretical calculations, Vitagliano and coworkers 

put forth the intriguing hypothesis that the hyperstability of CTHs containing GlyHypHyp 

triplets is due to a stabilizing dipole-dipole interaction between the C-OH bonds of Hyp residues 

Xaa position Hyp Yaa position Hyp 
of strand A of strand B 

Figure 7.2 Illustration of the potentially favorable interstrand dipole-dipole interaction between 
the hydroxyl groups of an Xaa position Hyp residue and a Yaa position Hyp residue in a collagen 
triple helix. Each interaction could be worth as much as 0.6 kcallmo1.6 The image is of two 
neighboring Hyp residues extracted without modification from the crystal structure of 
(HypHypGlY)1017 and depicted using the program PyMOL (Delano Scientific, Palo Alto, CA). 
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in the Xaa and Yaa positions of neighboring strands (illustrated in Figure 7.2).6 They estimated 

that each dipole-dipole interaction could be worth as much as 0.6 kcallmol in a folded CTH.6 

We wished to elucidate the physicochemical basis of the stability of CTHs with Hyp in the 

Xaa and Yaa positions. Recently, we have established that (2S,4R)-4-fluoroproline (Flp) and 

(2S,4S)-4-methylproline (Mep) both strongly prefer the CY-exo ring pucker. 8
,20 Crystallographic 

analyses confirm these findings (Figure 7.3). By incorporating these Pro derivatives, as well as 

Hyp, in triple-helical CRPs, we believed we could establish the physicochemical basis for the 

stability of this structurally divergent CTH. CRPs containing GlyFlpFlp triplets would provide a 

test of the differential hydration hypothesis, as they should be unstable if differential hydration is 

essential for CTH stability. CRPs formed from GlyFlpHyp and GlyHypFlp triplets could provide 

further insight into the role of differential hydration, and establish whether there is a positional 

preference for hydration effects. CRPs with GlyHypMep triplets would eliminate any favorable 

interstrand dipole-dipole interactions (Figure 7.2), but retain the conformational preferences of 

CRPs with GlyHypHyp triplets. As control CTHs, we also planned to study CRPs composed of 

GlyProFlp and GlyProHyp triplets, which fold into classical 7/2 CTHs. 

We prepared the CRPs (GlyFlpFlp)7, (GlyFlpHYP)7, (GlyHypFlp)?, (GlyHypHyp)?, 

A B c 

Ac-Mep-OMe 

Ac-Hyp-OMe 
Ac-Flp-OMe 

Figure 7.3 Crystal structures of Ac-Hyp-OMe, Ac-Flp-OMe, and Ac-Mep-OMe depicted using 
the program PyMOL (Delano Scientific, Palo Alto, CA), showing that all three adopt the C¥-exo 
ring pucker in the solid state. (A) Image of crystalline Ac-Hyp-OMe.5 (B) Image of crystalline 
Ac-Flp-OMe.5 (C) Image of crystalline Ac-Mep-OMe. 18 
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(GlyProFlp)7, (GlyProHyp)?, and (HypMepGlY)7 and explored their conformational and 

thermodynamic properties. Our findings demonstrate that, while hydration has a role in both the 

entropy and enthalpy terms for these CTHs, the net thermodynamic effect of differential 

hydration is very small. Rather, stabilizing interstrand dipole-dipole interactions appear to be the 

single prerequisite for formation of stable CTHs with CY-exo puckered Pro derivatives in the Xaa 

and Yaa positions. Our findings represent the discovery of new means to generate hyperstable 

CTHs, and have implications for the design of collagen biomaterials. 

7.2 Results 

7.2.1 Synthesis 

Initially, we attempted to prepare the CRPs usmg the sequence (XaaYaaGlY)n via the 

segment condensation of the amino acid trimers Fmoc-Xaa YaaGly-OH. The CRPs with Flp in 

the Xaa position could not be prepared, despite extensive efforts, due to the difficulty of coupling 

to an N-terminal Flp residue. The reciprocal sequence (GlyXaaYaa)n provides virtually identical 

results for CTHs. 17,126 We believed that use of the trimer Fmoc-GlyXaaYaa-OH could yield 

improved peptide syntheses, because the nucleophilic amine would be a primary amine with no 

electron-withdrawing fluorine atom nearby. Hence, we prepared the appropriate Fmoc-

GlyXaaYaa-OH trimers (synthetic schemes, experimental details, and characterization of all the 

amino acid trimers are presented in the Experimental section, vide infra) for the synthesis of the 

CRPs (GlyFlpFlph (GlyFlpHYP)7, (GlyHypFlph and (GlyProFlp)? We previously synthesized 

the amino acid dimer Boc-MepGly-OBn,2o so we prepared the trimer Fmoc-Hyp(tBu)MepGly-

OH for synthesis of (HypMepGlY)7' The CRPs (GlyFlpFlph (GlyFlpHYP)7, (GlyHypFlp)7, 
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(HypMepGlyh, and (GlyProFlph were prepared by segment condensation on a solid phase. The 

CRPs (G1yProHyph and (G1yHypHyph were prepared by condensation of individual Fmoc-

protected amino acids on a solid phase. Our revised synthetic approach provided all seven CRPs 

in sufficient quantity for biophysical analyses. 

7.2.2 Conformational Analyses 

CTHs display a signature circular dichroism (CD) spectrum with a maximum near 225 nm 

(similar to the CD spectrum of a PPII helix) and a cooperative transition at 225 nm upon heating. 

Hence, CD spectroscopy is a useful tool to evaluate CTH formation and stability. We studied the 

conformation of all seven CRPs in 50 mM phosphate buffer (pH 7) after equilibration at :'S4 DC 

for 2:24 h. The CD spectra at 4 DC are displayed in Figures 7.4A-C. For all seven CRPs, we 

observed the signature CD spectrum of the CTH. Thermal denaturations of the CRPs (Figures 

5 A 10 B 4 C 
::--
15 0 E 0 ........................................ 
"? 0 
E -5 

<.:> __ (GlyFlpHyp), -10 -- (GlyHypFlp), (HypMepGly), 0, 
.:g -10 
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(GlyHypHyp), (GlyProFlp), -2 0 (GlyProHYP)7 -20 (GlyFlpFlp), ~-15 ............ 
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Figure 7.4 Conformational analysis of triple-helical CRPs. (A-C) Circular dichroism spectra of 
peptide solutions (~0.2 ruM in 50 mM phosphate buffer (aq) (pH 7)) at 4 DC after incubating at:'S4 
DC for 2:24 h. (D-E) Effect of temperature on the molar ellipticity at 225 nm. Data were recorded 
at 3-DC intervals after a 5-min equilibration. 
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7.4D-F) monitored at 225 or 226 nm showed cooperative transitions for all the CRPs, with the 

exception of (HypMepG1Y)7' Tm values for the CRPs which displayed cooperative transitions 

were obtained by fitting the data to a two-state mode1. 197 The results are reported in Table 7.2. 

Table 7.2 Tm Values and Thermodynamic Parameters for Collagen Triple Helices 
peptide T m" (OC) M/ (kcal/mol) - TM (kcal/molt AG (kcal/molt 

(GlyFlpFlp)7 ~43C nd nd nd 
(GlyHypFlp)7 43 -10.1 -l.3 -1l.3 
(GlyProFlp)7 41 -904 -1.8 -11.2 

(GlyHypHyph 29 -9.2 -0.1 -904 
(GlyProHyph 27 -18.2 8.0 -10.2 
(GlyFlpHyph 25 -17.9 7.5 -lOA 

(HypMepG1Y)7 no helix 
"Determined by CD spectroscopy. bEvaluated at T = 31.7 DC, which is the average of the Tm values determined by 
DSC. cCTH formation by (GlyFlpFlph was evaluated only by CD, due to its poor aqueous solubility. 

We observed that all the CRPs except (HypMepGlY)7 form stable CTHs. Unexpectedly, both 

(GlyFlpFlp)7 and (GlyHypFlp)7 formed CTHs with enhanced stability relative to (GlyProFlp)7. 

Likewise, (GlyHypHyp)7 and (GlyFlpHyp)7 form CTHs with stability similar to or greater than 

that of a (GlyProHYP)7 CTH (see Table 7.2). This finding is in contrast to an earlier report that 

suggested the GlyFlpHyp triplet prevents CTH formation.99 That study focused on a templated 

(GlyFlpHyp)s sequence which may have been either too short or too conformationally restricted 

to form a stable CTH. (HypMepGlY)7 showed a linear decrease in ellipticity at 225 nm upon 

heating, which suggests that it adopts a single-chain PPII structure in solution, rather than a 

triple-helical structure. 

(GlyFlpFlp)7 is only slightly soluble «10 11M) in aqueous solution. Hence, thermal 

denaturations of (GlyFlpFlp)7 were performed using a path length of 1 em to improve the signal-

to-noise ratio. Because the T m value was determined at low concentration and CTH T m values are 

concentration-dependent,21s the Tm we report in Table 7.2 for a (GlyFlpFlp)7 CTH is likely to be 

an underestimate relative to the Tm values reported for the other CRPs. Furthermore, due to its 

poor aqueous solubility, we could not confirm the self-association of (GlyFlpFlp)7 by AUC, nor 



317 
could we observe a DSC endothenn. Nonetheless, it is likely that the cooperative transition 

observed by CD is attributable to CTH denaturation, given that the CD spectrum matches that of 

a typical CTH. These two observations alone have been used by a number of research groups as 

sufficient evidence for CTH fonnation. 69,70,\35 Hence, we can conclude with reasonable 

confidence that (GlyFlpFlp)7 fonns a stable CTH, although high-resolution structural analysis is 

required to confinn this result. 

7.2.3 Thermodynamic Analyses 

We used thennal scans m a differential scannmg calorimeter (DSC) to extract 

thennodynamic parameters for the CTHs reported here. The CRP (GlyFlpFlp)7 could not be 

analyzed by DSC because of its poor solubility in aqueous solution. Endothenns for the other 

CTHs are displayed in Figure 7.5. Thennodynamic parameters were obtained as described in the 

Experimental section (vide infra), and are summarized in Table 7.2. 

Consistent with earlier results from other researchers,17,126 we observed that the CTH fonned 

from (GlyHypHyp)7 is weakly favored by enthalpy but, surprisingly, slightly favored by entropy. 

In contrast, the CTH fonned from (GlyProHYP)7 is strongly favored by enthalpy and disfavored 

by entropy. This result is reiterated by the other stable CTHs with Hyp in the Xaa position. 

A 
'--., ............. (GlyProHyp), 

/ \ __ (GlyFlpHyp), 
./ \ _._._. (GlyHypHyp)/ 
! ; . 

i \ .: . 

B 

............. {GlyHypFlp)7 
__ (GlyProFlp)/ 

2 kcal·mol· ' ·"C·' 

c 

(HypMepGIY)7 

-------
o 10 20 30 40 50 60 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 

temperature (DC) temperature rC) temperature (OC) 

Figure 7.5 Differential scanning calorimetry of (A) (GlyHypHyp)7 (478 ~M), (GlyFlpHyp)7 (138 
~M), and (GlyProHyp)7 (176 ~M), (B) (GlyProFlp)7 (130 ~M) and (GlyHypFlp)7 (136 ~M), and 
(C) (HypMepGlY)7 (289 ~M). 
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Although the endothenn for the denaturation of (GlyHypFlp)7 CTHs is particularly broad (likely 

due to its slow confonnational transition, which we also observed by CD; Figure 7.4E), our 

results indicate that its enthalpy and entropy of fonnation are similar to those of (GlyHypHyp)7 

and (GlyProFlp)7 CTHs. Strikingly, (GlyFlpHyp)7' which also fonns a stable CTH, has a highly 

favorable enthalpy and an unfavorable entropy, yielding thennodynamic parameters very similar 

to those obtained for the (GlyProHyph CTH. The absence of a DSC endothenn for 

(HypMepGlyh (Figure 7 .5C) is further evidence that (HypMepGlY)7 does not fonn a 'CTH in 

solution. 

7.2.4 Sedimentation Equilibrium Experiments 

The self-assembly of the CRPs (GlyFlpHyph (GlyHypFlph (GlyHypHyph, and 

(GlyProFlp)7, and (HypMepGlyh was evaluated by sedimentation equilibrium experiments in an 

AVe. The CRPs were analyzed at both 4 and 37 or 40 0e. Data and best fits are displayed in 

Figure 7.6. Consistent with our CD and DSC experiments, we confinned that all the CRPs except 

(HypMepGlyh were trimeric at 4 °C and showed significant disassembly at 37 or 40°C. 

(HypMepGlyh was monomeric at both temperatures. (GlyFlpFlph could not be evaluated by 

AVC due to its poor aqueous solubility. 

7.3 Discussion 

A number of researchers have proposed that the hyperstability of CTHs containing the 

GlyHypHyp sequence is attributable to differential hydration. Our data casts doubt on this 

proposal. The stability of (GlyFlpFlph, (GlyFlpHyph, and (GlyHypFlph CTHs shows that 

differential hydration cannot explain the hyperstability of CTHs with CY-exo puckered Pro 



a;-
u 
c 
m .c 
'-
0 
VI 
.c m 
£' 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

A 

- (GlyFlpHYP)7 
••• (GlyHypHYP)7 

0.0 B 

-1.0 

-1.5 

-2.0 

- (GlyHypFlp)7 
••• (GlyProFlp)7 

-2.5 -2.5 '--__ ..1..-__ -'--__ -'-__ ......J 

48.5 50.0 50.5 51.0 51.5 52.0 49.0 49.5 50.0 50.5 51.0 
radial position (cm2) 

0.0 C 

....... -0.2 
Q) 
u c 
m .c 
l5 -0.4 
VI 
.c 
~ 

radial position (cm2) 

E: -0.6 (HypMepGIY)7 

-0.8 L-.. __ -'---__ -'--__ -'--__ ---' 

49.0 49.5 50.0 50.5 51.0 
radial position (cm2) 

319 

Figure 7.6 Sedimentation equilibrium analysis of novel CRPs. Data at 4 °C is shown in circles 
and data at 37 or 40°C is shown as squares. For clarity, only every third data point is shown. Best 
fits are shown as solid or dashed lines. (A) (GlyFlpHyp)7 (45,000 rpm at 4°C and 42,000 rpm at 
40°C) and (GlyHypHyp)7 (40,000 rpm at 4 °C and 50,000 rpm at 37°C). Fits shown are for 
trimer at 4 °C and monomer at 37 or 40°C. (B) (GlyHypFlp)7 (45,000 rpm at 4 °C and 42,000 
rpm at 40°C) and (GlyProFlp)7 (45,000 rpm at 4°C and 42,000 rpm at 40°C). Fits shown are for 
trimer at 4 °C and a mixture of monomer and trimer at 40°C. (C) (HypMepGlY)7 (40,000 rpm at 
4°C and 50,000 rpm at 37°C). Fits shown are for monomer at both 4 and 37 DC. 

derivatives in both the Xaa and Yaa positions. It appears more likely that, although differential 

hydration is real, its net thermodynamic effect is quite small. Enthalpy-entropy compensation 

dictates that the entropy gained by release of water upon folding of a (GlyHypHyP)n CTH could 

be offset, at least in part, by the enthalpic cost of hydrogen bond disruption. Hence, it is likely 

that the differential hydration proposed by Kawahara et al and confirmed by Terao et al 

exists,I7,132 but is not an important stabilizing force for these CTHs. 
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Figure 7.7 Images of the stabilizing interstrand dipole-dipole interaction in CTHs created 
by modifying the atoms in Figure 7.2 as appropriate using the program PyMOL (Delano 
Scientific, Palo Alto, CA). The interaction is depicted in CTHs formed from (A) 
(GlyHypHyp)7' (B) (GlyFlpFlp)7' (C) (GlyHypFlp)7' and (D) (GlyFlpHyp)7' (E) A 
stabilizing interstrand dipole-dipole interaction is not possible in a (HypMepGlY)7 CTH. 

If differential hydration does not stabilize these CTHs, what could account for the stability of 

this distorted triple-helical form (Table 7.1)? Our data suggests that interstrand dipole-dipole 

interactions underlie its stability.6 (GlyFlpFlp)7' (GlyHypFlp)?, (GlyFlpHyp)7' and 

(GlyHypHyp)7 all form very stable CTHs (see Table 7.2) and all can engage in a stabilizing 

interstrand dipole-dipole interaction (illustrated in Figure 7.7A-D). In contrast, (HypMepGlY)7 

retains the conformational preferences of the other CRPs, but cannot engage in a stabilizing 

dipole-dipole interaction (Figure 7.7E). (HypMepGlY)7 does not form a stable CTH, supporting 

the conclusion that interstrand dipole-dipole interactions are the fundamental requirement for 

CTH stability when CY-exo puckered Pro derivatives are in both the Xaa and Yaa positions. It is 

noteworthy that this dipole-dipole interaction is unlikely to have a significant hyperconjugative 

contribution. Our natural bond orbitat29o calculations on the dimers shown in Figure 7.7 confirms 
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that any n-a* interaction that exists is worth <0.2 kcallmol in the case of (GlyFlpHYP)n CTHs 

and <0.05 kcallmol in the case of the other CTHs. This finding is reasonable, given that the 

closest contact between Hyp or Flp residues in neighboring strands is >3.2 A. 17,127 

We confirmed by DSC experiments that the Xaa position Hyp residues in (GlyHypHyp)7 and 

(GlyHypFlp)7 reduce both the entropic cost and the enthalpic gain associated with CTH 

formation, relative to formation of a classical 712 CTH by (GlyProHyp )7. These findings indicate 

that differential hydration exists, but does not playa significant role in the overall stability of 

CTHs with Hyp in the Xaa position. In fact, the CTH formed from (GlyProFlp)7 displays very 

similar thermodynamic parameters to (GlyHypHyp)7 and (GlyHypFlp)7' despite very low 

hydration levels in both its folded and unfolded state. Apparently, any entropic gain from 

differential hydration in CTHs with Hyp in the Xaa position is nearly canceled out by the 

enthalpic cost. The key factor that stabilizes these new CTHs is illustrated by the thermodynamic 

parameters for the (GlyFlpHyp)7 CTH, which has a highly favorable enthalpy of formation 

despite having a CY-exo puckered Pro derivative in the Xaa position. This more favorable 

enthalpy is likely due, in part, to a stabilizing interstrand dipole-dipole interaction. The 

interstrand dipole-dipole interaction (Figure 7.7) is thus the sole essential requirement for the 

formation of stable CTHs with CY-exo puckered Pro derivatives in both the Xaa and Yaa 

positions. This result is confirmed by the failure of (HypMepG1Y)7 to form a CTH and the ability 

of (GlyFlpFlp)7 to form a hyperstable CTH despite the absence of differential hydration effects 

in (GlyFlpFlp)7. The energetic penalty owing to CTH distortion by CY-exo puckered Pro 

derivatives in the Xaa position is apparently recompensed by interstrand dipole-dipole 

interactions (Figure 7.7). 
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7.4 Conclusion 

The unexpected finding that CRPs composed of GlyHypHyp triplets fonn hyperstable CTHs 

has stimulated great interest in the past five years. Here, we have synthesized a diverse set of 

CRPs that can, in principle, fonn stable CTHs with CY-exo puckered Pro derivatives in the Xaa 

position. Our studies differentiate between the numerous hypotheses for the physicochemical 

basis of the hyperstability of these CTHs. We show that the single essential prerequisite for CTH 

formation when a CY-exo puckered Pro derivative is in the Xaa position is that a stabilizing 

interstrand dipole-dipole interaction be established between electronegative subsituents on CY of 

Pro derivatives in the Xaa and Yaa positions. We demonstrate that differential hydration, while 

relevant to the structure of these CTHs, does not significantly impact their stability. Our findings 

represent a new means to synthesize hyperstable CTHs using electrostatic effects and will guide 

the preparation of a new class of collagen-based biomaterials. 
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Scheme 7.1 Synthesis ofFmoc-GlyHypFlp-OH (7.13), Fmoc-GlyFlpHyp
OH (7.14), Fmoc-GlyFlpFlp-OH (7.15), and Fmoc-GlyProFlp-OH (7.16) 

7.6 Experimental 

7.6.1 General Considerations 
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Commercial chemicals were of reagent grade or better, and were used without further 

purification. Anhydrous CH2Ch and DMF were obtained from a CYCLE-TAINER® solvent 

delivery system (J. T. Baker, Phillipsburg, NJ). In all reactions involving anhydrous solvents, 

glassware was either oven- or flame-dried. NaHC03 and brine (NaCl) refer to saturated aqueous 

solutions. Flash chromatography was performed with columns of silica gel 60, 230-400 mesh 

(Silicycle, Quebec City, Canada). The term "concentrated under reduced pressure" refers to the 

removal of solvents and other volatile materials using a rotary evaporator at water aspirator 

pressure «20 torr) while maintaining the water-bath temperature below 40°C. Residual solvent 

was removed from samples at high vacuum «0.1 torr). The term "high vacuum" refers to 

vacuum achieved by a mechanical belt-drive oil pump. NMR spectra were acquired with a 

Bruker DMX-400 Avance spectrometer eH, 400 MHz; I3C, 100.6 MHz) at the National 

Magnetic Resonance Facility at Madison. NMR spectra were obtained at ambient temperatures 

on samples dissolved in CDCh, unless otherwise noted. Mass spectrometry was performed with 

a Micromass LCT (electrospray ionization, ESI) in the Mass Spectrometry Facility in the 

Department of Chemistry. Synthetic routes are summarized in Schemes 7.1 and 7.2. 

7.6.2 Representative Procedure for the Synthesis of Boc-Yaa-DBn 

A solution of CS2C03 (5.4 mmol) in water (31 mL) at 0 °C was added to a solution of Boc-

Yaa-OH (10.7 mmol) in MeOH (41 mL) at 0 DC. The mixture was concentrated under reduced 

pressured and dried briefly under high vacuum. Anhydrous DMF (63 mL) was added to the 

residue under Ar(g). BnBr (10.7 mmol) was added and the resulting solution was stirred for 12 h. 

The white precipitate was removed by vacuum filtration and the filtrate was concentrated under 

high vacuum. The residue was dissolved in EtOAc, washed with water (3 x 100 mL), dried over 



Mel.H0 

N HN\ 
BOc rOBn 

7.17 0 

Me 

1. HCl/dioxane > t {I H 0 
2. Fmoc-Hyp(t8u)-OH, DIEA, 'r'\ ;-)--N~ 
PyBroP, 39% (2 steps) lN~O 0 OBn 

Fmoc 7.18 

lH2(g) 
Pd/C, MeOH 
quant. 

"f- Me 

O"'()-{~~vf 
~ 0 0 OH 
Fmoc 7.19 

Scheme 7.2 Synthesis ofFmoc-Hyp(tBu)MepGly-OH (7.19) 
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anhydrous MgS04(s), and concentrated under reduced pressure to yield Boc-Yaa-OBn as a white 

solid. Both Boc-Hyp-OBn (7.3) and Boc-Flp-OBn (7.4) were described previously. I I 

7.6.3 Representative Procedurefor Synthesis ofBoc-XaaYaa-OBn 

The appropriate Boc-Yaa-OBn amino acid (5.4 mmol) was dissolved in 4 N HCI in dioxane (50 

mL) under Ar(g) and stirred at rt for 2 h. The resulting solution was concentrated under reduced 

pressure and dried briefly under high vacuum. The residue was dissolved in anhydrous CH2Clz 

(loa mL) under Ar(g) and the appropriate Boc-Xaa-OH amino acid (5.4 mmol) was added. The 

resulting solution was cooled to a DC. DIEA (21.6 mmol) and PyBroP (5.4 mmol) were added 

and the solution was stirred for 12 h. The reaction mixture was washed with 10% w/v aqueous 

citric acid (lOa mL), NaHC03(aq) (100 mL), and brine (lOa mL). The organic layer was dried 

over anhydrous MgS04(s), and concentrated under reduced pressure. The crude residue was 

purified by flash chromatography over silica gel to afford Boc-XaaYaa-OBn as a white solid. 
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7.6.3.1 N-tert-Butyloxycarbonyl-(2S, 4 R)-4-jluoroprolyl-(2S, 4 R)-4-hydroxylproline Benzyl Ester 

(7.5) 

Boc-FlpHyp-OBn (7.5) was obtained in 73% yield. IH NMR c5: 1.41 and 1.42 (s, 9H), 1.87-

2.14 (m, IH), 2.18-2.51 (m, 2.8H), 2.66-2.71 (m, 0.2H), 3.54-3.96 (m, 4H), 4.24-4.34 (m, 

0.8H), 4.45 (bs, 0.8H), 4.52-4.72 (m, 1.4H), 4.79 (t, J= 8.6, IH), 5.01-5.33 (m, 3H), 7.27-7.39 

(m, 5H); \3C NMR 5: 28.5, 36.7, 36.8, 36.9, 37.0, 37.3, 38.1, 53.2, 53.4, 53.7, 54.0, 54.4, 55.3, 

55.6, 56.4, 57.7, 58.1, 67.0, 67.2, 70.4, 70.5, 80.6, 81.2, 90.8, 91.6, 92.6, 93.4, 128.2, 128.4, 

128.5, 128.6, 128.7, 135.8, 153.8, 154.7, 171.2, 171.8, 172.2; ESI-EMM (mlz): [M + Nat ca1cd 

7.6.3.2 N-tert-Butyloxycarbonyl-(2S, 4 R)-4-hydroxyprolyl-(2S, 4 R)-4-jluoroproline Benzyl Ester 

(7.6) 

Boc-HypFlp-OBn (7.6) was obtained in 92% yield. IH NMR c5: 1.39 and 1.45 (s, 9H), 1.90-

2.23 (m, 4H), 2.49-2.69 (m, IH), 3.39-3.82 (m, 3H),.3.95-4.29 (m, IH), 4.39-4.50 (m, IH), 

4.52-4.77 (m, 2H), 5.02-5.10 (m, IH), 5.19-5.30 (m, 1.5H), 5.31-5.40 (m, 0.5H), 7.28-7.40 (m, 

5H); \3C NMR 5: 28.4,28.5,35.5,35.7,37.7,38.4,52.9,53.2,53.4,55.0, 55.1, 58.0, 67.2, 67.3, 

69.8, 70.4, 80.2, 80.5, 90.8, 91.1, 92.6, 92.9, 128.4, 128.5, 128.6, 128.7, 135.5, 135.6, 154.1, 

154.7, 171.5, 171.7, 171.8; ESI-EMM (mlz): [M + Nat ca1cd for C22H29FN206Na 459.1902; 

found 459.1899. 

7.6.3.3 N-tert-Butyloxycarbonyl-(2S, 4 R)-4-jluoroprolyl-(2S,4R)-4-jluoroproline Benzyl Ester 

(7.7) 
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Boc-FlpFlp-OBn (7.7) was obtained in 66% yield. IH NMR J: 1.40 and 1.45 (s, 9H), 1.90-

2.19 (m, 2H), 2.35-2.69 (m, 2H), 3.53-3.74 (m, 1.5H), 3.75-3.96 (m, 1.5H), 3.99-4.12 (m, 

0.6H), 4.31 (dd, J = 11.7 and 21.4, O.4H), 4.57 and 4.65 (t, J = 7.8, IH), 4.67-4.78 (m, IH), 

5.01-5.13 (m, 1.5H), 5.19-5.30 (m, 2H), 5.33-5.41 (m, 0.5H), 7.29-7.41 (m, 5H); \3C NMR 5: 

28.4,28.5,35.5,35,7,36.1, 36.3, 36.9, 37.2, 53.0, 53.2, 53.4, 53.5, 53.7, 56.1, 56.2, 58.0, 67.2, 

67.3, 80.4, 80.8, 90.7, 91.1, 91.6, 92.5, 92.8, 93.3, 128.4, 128.5, 128.6, 128.7, 135.4, 135.5, 

153.6, 154.3, 171.2, 171.3, 171.6; ESI-EMM (mlz): [M + Nat calcd for C22H28F2N20sNa 

461.1859; found 461.1852. 

7.6.3.4 N-tert-Butyloxycarbonyl-(2S)-prolyl-(2S,4R)-4-jluoroproline Benzyl Ester (7.8) 

Boc-ProFlp-OBn (7.8) was obtained in 98% yield. IH NMR J: 1.39 and 1.45 (s, 9H), 1.40-

1.52 (m, 0.7H), 1.73-2.19 (m, 5.3H), 2.49-2.67 (m, IH), 3.32-3.84 (m, 3H), 4.38 (dd, J = 3.9 

and 8.4, 0.6H), 4.49 (dd, J = 2.8 and 8.1, O.4H), 4.66-4.79 (m, IH), 5.02-5.11 (m, IH), 5.18-

5.40 (m, 2H), 7.28-7.40 (m, 5H); \3C NMR r5: 23.6, 24.2, 28.4, 28.6, 29.1, 30.0, 35.4, 35.5, 35.6, 

35.7,46.7,46.9,52.8,53.1,53.3,57.9,58.0,67.2, 67.3, 79.7, 80.0,90.8,91.2,92.6,93.0, 128.4, 

128.5, 128.6, 128.7, 135.5, 135.6, 153.9, 154.7, 171.5, 171.6, 171.8, 171.9; ESI-EMM (mlz): [M 

+ Nat calcd for C22H29FN20sNa 443.1953; found 443.1950. 

7.6.4 Representative Procedure for Synthesis ofFmoc-GlyXaaYaa-OBn 

The appropriate Boc-XaaYaa-OBn amino acid (5.2 mmol) was dissolved in 4 N HCI in 

dioxane (60 mL) under Ar(g) and stirred at rt for 2 h. The resulting solution was concentrated 

under reduced pressure and dried briefly under high vacuum. The residue was dissolved in 

anhydrous DMF (100 mL) under Ar(g). DIEA (26 mmol) was added, followed by Fmoc-Gly-
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OPfp (16.8 mmol). The solution was stirred for 12 h and then concentrated by rotary evaporation 

under high vacuum. The crude residue was purified by flash chromatography over silica gel to 

afford Fmoc-GlyXaaYaa-OBn as a white solid. 

7.6.4.1 N-9-Fluorenylmethyloxycarbonyl-glycyl-(2 S, 4 R)-4-jluoroprolyl-(2 S, 4 R)-4-

hydroxylproline Benzyl Ester (7.9) 

Fmoc-GlyFlpHyp-OBn (7.9) containing a slight impurity that was removed after the 

subsequent step was obtained in 75% yield. ESI-EMM (mlz): [M + Nat calcd for 

7.6.4.2 N-9-Fluorenylmethyloxycarbonyl-glycyl-(2 S, 4 R)-4-hydroxyprolyl-(2 S, 4 R)-4-

jluoroproline Benzyl Ester (7.10) 

Fmoc-GlyHypFlp-OBn (7.10) containing a slight impurity that was removed after the 

subsequent step was obtained in 72% yield. ESI-EMM (mlz): [M + Nat calcd for 

7.6.4.3 N-9-Fluorenylmethyloxycarbonyl-glycyl-(2 S, 4 R)-4-jluoroprolyl-(2 S, 4 R)-4-jluoroproline 

Benzyl Ester (7.11) 

Fmoc-GlyFlpFlp-OBn (7.11) containing a slight impurity that was removed after the 

subsequent step was obtained in 82% yield. ESI-EMM (mlz): [M + Nat C34H33F2N306Na 

640.2230; found 640.2240. 
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7.6.4.4 N-9-Fluorenylmethyloxycarbonyl-glycyl-(2S)-prolyl-(2 S, 4 R)-4-jluoroproline Benzyl 

Ester (7.12) 

Fmoc-GlyProFlp-OBn (7.12) containing a slight impurity that was removed after the 

subsequent step was obtained in 75% yield. ESI-EMM (m/z): [M + Nat C34H34FN306Na 

622.2354; found 622.2334. 

7.6.5 Representative Procedurefor Synthesis ofFmoc-GlyXaaYaa-OH 

MeOH (150 mL) was added carefully to a mixture of the appropriate Fmoc-GlyXaaYaa-OBn 

amino acid (3.5 mmol) and Pd/C (10% w/w, 0.4 g) under Ar(g). The resulting black suspension 

was stirred under H2(g) for ~2 h. Careful monitoring by TLC was necessary to prevent 

hydrogenolysis of the Fmoc group. The suspension was filtered through a pad of Celite and 

concentrated under reduced pressure. The crude product was purified by flash chromatography 

over silica gel. 

7.6.5.1 N-9-Fluorenylmethyloxycarbonyl-glycyl-(2 S, 4 R)-4-jluoroprolyl-(2S, 4 R)-4-

hydroxyl proline (7.13) 

Fmoc-GlyFlpHyp-OH (7.13) was obtained in 79% yield. IH NMR (DMSO-d6) b: 1.82-2.35 

(m, 3H), 2.47-2.85 (m, ~IH-peaks under DMSO), 3.24-3.81 (m, 4.5H), 3.82-4.08 (m, 2.25H), 

4.08-4.48 (m, 5.25H), 4.67 and 5.04 (t, J = 8.0, IH), 5.19-5.55 (m, IH), 7.26-7.55 (m, 5H), 

7.56-7.78 (m, 2H), 7.83-7.94 (m, 2H), 12.53 (bs, 0.7H); l3C (DMSO-d6) NMR 5: 34.5, 34.7, 

36.8,37.1,41.9,42.6, 52.3, 52.5, 54.2, 54.3, 55.4, 56.1, 57.7, 57.8, 65.7, 68.9, 69.1, 90.0, 91.7, 

92.0,93.8, 120.1, 125.3, 127.1, 127.5, 127.7, 140.7, 156.5, 160.3, 167.2, 167.8, 169.6, 169.6, 

173.0, 173.1 ESI-EMM (m/z): [M - Hr caIcd for C27H27FN307 524.1838; found 524.1844. 
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7.6.5.2 N-9-Fluorenylmethyloxycarbonyl-glycyl-(2S, 4 R)-4 -hydroxyprolyl-(2S, 4 R)-4-

jluoroproline (7.14) 

Fmoc-GlyHypFlp-OH (7.14) was obtained in 73% yield. IH NMR (DMSO-d6) <5: 1.81-2.34 

(m, 2.8H), 2.43-2.62 (m, ~0.3H-peaks under DMSO), 3.25-3.97 (m, 7H), 4.07-4.34 (m, 5H), 

4.34-4.46 (m, IH), 4.64 and 5.03 (t, J = 7.7, IH), 5.30-5.52 (m, IH), 7.28-7.50 (m, 5H), 7.60-

7.75 (m, 2H), 7.85-7.92 (m, 2H), 12.60 (bs, 0.7H); I3C NMR (DMSO-d6) 8: 35.1, 35.2, 36.4, 

42.6,46.6,56.1,56.5,57.4,65.7,66.8,69.0,91.8, 93.6, 120.1, 125.3, 127.1, 127.6, 140.7, 143.9, 

156.5, 167.2, 167.8, 170.3, 175.1; ESI-EMM (mlz): [M + Nat calcd for C27H28FN307Na 

548.1804; found 548.1827. 

7.6.5.3 N-9-Fluorenylmethyloxycarbonyl-glycyl-(2S, 4R)-4-jluoroprolyl-(2S, 4 R)-4-fluoroproline 

(7.15) 

Fmoc-GlyFlpFlp-OH (7.15) was obtained in 82% yield. IH NMR DMSO-d6 (MeOH-d4) <5: 

2.01-2.29 (m, 2H), 2.52-2.73 (m, 2H), 3.53-4.03 (m, 4H), 4.03-4.15 (m, IH), 4.17-4.38 (m, 

4H), 4.40-4.56 (m, IH), 5.24-5.48 (m, 2H), 7.24-7.46 (m, 4H), 7.54-7.73 (m, 2H), 7.73-7.84 

(m, 2H); I3C NMR (DMSO-d6) 8: 34.6,34.9,35.1,35.3,41.8,42.6,46.6,52.2,52.5,52.9,53.2, 

55.3,56.1,57.4,91.8,92.0,93.5,93.8, 120.1, 125.3, 127.1, 127.6, 140.7, 143.9, 156.5, 167.3, 

169.7, 169.9, 172.4; ESI-EMM (mlz): [M - Hr ca1cd for C27H27F2N306Na 550.1761; found 

550.1749. 

7.6.5.4 N-9-Fluorenylmethyloxycarbonyl-glycyl-(2S)-prolyl-(2S, 4R)-4-fluoroproline (7.16) 
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Fmoc-GlyProFlp-OH (7.16) was obtained in 85% yield. IH NMR (DMSO-d6) b: 1.62-2.35 

(m, 5H), 2.45-2.70 (m, 1H; peak under DMSO), 3.21-3.53 (m, 2H), 3.62-3.80 (m, 2.4H), 3.83-

3.98 (m, 1.6H), 4.06--4.42 (m, 5H), 4.63 and 4.96 (dd, J = 3.2, 8.6, 1H), 5.31-5.53 (m, 1H), 

7.27-7.48 (m, 5H), 7.57-7.76 (m, 2H), 7.85-7.93 (m, 2H), 12.61 (bs, 1H); \3C NMR (DMSO-d6) 

0: 21.6, 242.2, 27.7, 29.9, 34.9, 35.2, 42.1, 45.6, 46.6, 52.8, 53.1, 57.1, 57.3, 57.5, 65.7, 91.9, 

93.6, 120.1, 125.3, 127.1, 127.6, 140.7, 143.9, 156.5, 166.8, 167.2, 169.9, 170.3, 172.6; ESI-

EMM (mlz): [M - Hr ca1cd for C27H27FN30 6 508.1889; found 508.1892. 

7.6.6 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S, 4R)-4-tert-butoxyprolyl-(2S, 4S)-4-

methylprolylglycyl Benzyl Ester (7.18) 

Boc-MepGly-OBn (7.17) (0.69 g, 1.8 mmol), prepared as described previously,20 was 

dissolved in 4 N HCI in dioxane (60 mL) under Ar(g) and stirred at rt for 3 h. The resulting 

solution was concentrated under reduced pressure and dried briefly under high vacuum. The 

residue was dissolved in anhydrous CH2Cb (40 mL) under Ar(g) and Fmoc-Hyp(tBu)-OH (1.47 

g, 3.6 mmo1) was added. The resulting solution was cooled to 0 °C. DIEA (0.93 g, 7.2 mmo1) 

and PyBroP (1.68 g, 3.6 mmol) were added and the solution was stirred for 12 h. The reaction 

mixture was washed with 10% w/v aqueous citric acid (100 mL), NaHC03(aq) (100 mL), and 

brine (100 mL). The organic layer was dried over anhydrous MgS04(s), and concentrated under 

reduced pressure. The crude residue was purified by flash chromatography over silica gel 

(gradient: 60% EtOAc in hexanes to 90% EtOAc in hexanes) to afford Fmoc-Hyp(tBu)MepGly-

OBn (7.18) (0.46 g, 39%) as a white solid containing a slight impurity that was removed after the 

subsequent step. ESI-EMM (mlz): [M + Ht calcd for C39H46N307 668.3331; found 668.3333. 
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7.6.7 Synthesis of N-9-Fluorenylmethyloxycarbonyl-(2S,4R)-4-tert-butoxypr0Iyl-(2S,4S)-4-

methylprolylglycine (7.19) 

MeOH (40 mL) was added carefully to a mixture of Fmoc-Hyp(tBu)MepGly-OBn (7.18) 

(0.43 g, 0.7 mmol) and Pd/C (10% w/w, 0.07 g) under Ar(g). The resulting black suspension 

was stirred under H2(g) for ~2 h. Careful monitoring by TLC was necessary to prevent 

hydrogenolysis of the Fmoc group. The suspension was filtered through a pad of Celite and 

concentrated under reduced pressure. The crude product was purified by flash chromatography 

over silica gel (CH2Ch to elute byproducts, then 5% v/v MeOH in CH2Ch containing 0.1 % v/v 

formic acid) to afford Fmoc-Hyp(tBu)MepGly-OH (7.19) (0.38 g. 0.7 mmol, quant.) as a white 

solid. IH NMR (DMSO-d6) l5: 1.01 (t, J = 4.2, 3H), 1.13 (s, 9H), 1.27-1.41 (m, IH), 1.99-2.37 

(m, 4H), 2.89-3.02 (m, IH), 3.10-3.21 (m, IH), 3.46-3.55 (m, IH), 3.62-3.86 (m, 3H), 3.92-

4.01 (m, IH), 4.11-4.35 (m, 5H), 4.51-4.60 (m, IH), 7.28-7.46 (m, 4H), 7.51-7.68 (m, 2H), 

7.85-7.94 (m, 2H), 8.06-8.19 (m, IH); I3C NMR (DMSO-d6) J: 16.7, 16.8, 28.0, 33.3, 33.4, 

36.8,36.9,37.1,37.4,40.5,46.6,46.8,53.5,53.7, 53.8, 53.9, 56.6, 56.7, 59.9,60.0, 66.5, 68.1, 

69.2, 73.5, 120.1, 120.2, 125.0, 125.0, 127.1, 127.7, 140.7, 140.7, 140.8, 143.8, 143.9, 153.8, 

153.9, 169.5, 169.6, 171.2, 171.7; ESI-EMM (m/z): [M - Hr calcd for C32H3SN307 576.2715; 

found 576.2719. 

7.6.8 Peptide Synthesis 

The CRPs (GlyFlpFlp)7, (GlyFlpHyph (GlyHypFlp)?, (GlyProFlp)7, and (HypMepGlY)7 

were synthesized by segment condensation of Fmoc-GlyFlpFlp-OH (7.15), Fmoc-GlyFlpHyp-

OR (7.13), Fmoc-GlyHypFlp-OH (7.14), Fmoc-GlyProFlp-OH (7.16), and Fmoc-

Hyp(tBu)MepGly-OH (7.19), respectively. The CRPs (GlyProHYP)7 and (GlyHypHyp)7 were 
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synthesized by condensation of Fmoc-Gly-OH, Fmoc-Hyp(tBu)-OH, and Fmoc-Pro-OH, as 

appropriate. CRP syntheses were performed on a 2-chlorotrityl chloride resin using an Applied 

Biosystems Synergy 432A Peptide Synthesizer at the University of Wisonsin-Madison 

Biotechnology Center. For the CRPs prepared by segment condensation, the first trimer was 

loaded onto the resin as described previously.2o Fmoc-deprotection was achieved by treatment 

with 20% (v/v) piperidine in DMF. The trimers (3 equivalents) were converted to activated 

esters by treatment with HBTU, DIEA, and HOBt. Extended double couplings (60-90 min) 

were employed at rt for all segment condensations. 2 h couplings were employed atrt for single 

amino acid couplings. CRPs were cleaved from the resin and deprotected in 95:3:2 

TFA:triisopropylsilane:H20 (2.5 mL), precipitated from methyl t-butyl ether at 0 °c, and isolated 

by centrifugation. Semi-preparative HPLC was used to purify the CRPs at 60 DC (after 

preheating solutions of the crude CRPs to 70 DC to disassemble any oligomers) using gradients 

of 0.1% v/v TFA in water and 0.1% v/v TFA in CH3CN. All the CRPs were >90% pure by 

analytical HPLC and MALDI-TOF mass spectrometry (Applied Biosystems Voyager DE-Pro 

mass spectrometer) (m1z) [M + Nat calcd for C84H107F14N21022Na 2050.8, found 2051.4 for 

(GlyFlpFlp)7; calcd for C84HII4F7N21029Na 2036.8, found 2038.1 for (GlyFlpHyp)7 and 2036.8 

for (GlyHypFlp)7; calcd for C84H1I4F7N21022Na 1924.8, found 1925.2 for (GlyProFlp)7; calcd for 

found 1912.2 for (GlyProHyp)7; calcd for C84HI21N2I036Na 2023.8, found 2023.1 for 

(GlyHypHyp)7. 

7.6.9 Circular Dichroism Spectroscopy 
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CRPs were dried under vacuum for at least 24 h before being weighed and dissolved to 0.2 

mM in 50 mM phosphate buffer (aq) (pH 7). The solutions were incubated at :S4 °C for ~24 h 

before CD spectra were acquired using an Aviv Associates (Lakewood, NJ) 202SF CD 

spectrometer. Spectra were measured with a I-nm band-pass in cuvettes with a O.I-cm 

pathlength. The signal was averaged for 5 sec during wavelength scans and denaturation 

experiments using a 0.6-o C temperature deadband. During denaturation experiments, CD spectra 

were acquired at intervals of 3 °C using a O.I-cm pathlength for all the CRPs except 

(GlyFlpFlp )7, whose thermal transition was monitored with a I-cm pathlength due to its poor 

aqueous solubility. At each temperature, solutions were equilibrated for 5 min before data 

acquisition. Values of Tm were determined by fitting the molar ellipticity at 225 or 226 nm to a 

two-state mode1. 197 

7.6.10 Differential Scanning Calorimetry 

DSC measurements on the CRPs (GlyHypFlph (GlyProFlp)7, (GlyFlpHyp)7' (GlyHypHyp)7, 

(GlyProHYP)7, and (HypMepGlY)7 were conducted on a VP-DSC instrument (MicroCal, LLC, 

Northampton, MA). The CRP (GlyFlpFlp)7 could not be evaluated by DSC because of its poor 

solubility in aqueous solution. Instrument baselines were established by filling both the sample 

and the reference cells with degassed 50 mM phosphate buffer (aq) (pH 7.0) and scanning from 

5-98 °C at a scan rate of 6 °C/h with a 10 h pre-equilibration period at 5 °C until the baseline 

stabilized. The final buffer-buffer scan was used as the baseline for subsequent peptide scans. 

CRP solutions (~200 11M in 50 mM phosphate buffer (aq) (pH 7)) were incubated at 4°C for ~24 

h prior to degassing and loading in the sample cell (the reference cell solution was not replaced) 

during the cooldown from the previous buffer-buffer scan (at ~10 °C). Samples were scanned 
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from 5-98 °C at a scan rate of 6 °C/h; the first scan of each sample was used in the analysis. 

Subsequent scans of the same sample showed high reversibility with >85% recovery. After DSC 

measurements, CRP concentrations were determined by quantitative amino acid analysis (Protein 

Chemistry Core, Biomolecular Resource Facility, University of Texas Medical Branch). Peptide 

concentrations of 138 ~M, 136 ~M, 130 ~M, 289 ~M, 176 ~M, and 478 ~M were obtained for 

(GlyFlpHyph, (GlyHypFlph, (GlyProFlph, (HypMepGlyh, (GlyProHyph, and (GlyHypHyph, 

respectively. 

Data were processed using the MicroCal software in the Origin 7 program (OriginLab Corp., 

Northampton, MA). The appropriate reference scan was subtracted from the first sample scan 

and the data were normalized to monomer concentrations. Progress baselines were subtracted 

from the data, yielding the traces shown in Figure 7.5. Values of !::Jl (per mole of monomer) 

were obtained by direct integration of the baseline-subtracted DSC endotherms. f..S at the T m was 

calculated using the equation: Tm = !::Jl1(f..S + R-In(0.75c2)), where c is the concentration of 

monomeric CRP determined by amino acid analysis and T m is the maximum of the DSC 

endotherm.256 Because our model assumes f..Cp = 0 for CTH unfolding,69,81 !::Jl and f..S are 

independent of temperature. Values of f..G and -Tf..S reported in Table 7.2 were calculated with 

the equation: f..G = !::Jl - Tf..S. T = 31.7 °C was selected to report thermodynamic parameters 

because it is the average of the T m values for the three CRPs evaluated by DSC. Thermodynamic 

parameters determined by DSC measurements are most valid at temperatures near the T m. 

7.6.11 Analytical Ultracentrifugation 

The self-assembly of the CRPs (GlyFlpHYP)7, (GlyHypFlph, (GlyProFlph, (HypMepGlY)7' 

and (GlyHypHyp)7 was evaluated by sedimentation equilibrium experiments performed with a 
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Beckman XL-A analytical ultracentrifuge. Samples were diluted to approximately 0.1 mM in 50 

mM potassium phosphate buffer (pH 7) and equilibrated at :S4 °C for 2:24 h. Equilibrium data 

were collected at multiple speeds at both 4 and 37 or 40°C. Gradients were monitored at 230 

nm. Solvent densities of 1.0048 and 0.99699 g/mL at 4 and 40°C, respectively, were calculated 

based on buffer composition and temperature. PSV s for the CRPs were calculated based on 

amino acid content, with corrections for fluorine, hydroxyl, or methyl content. 198 PSVs of 0.654, 

0.654, 0.684, 0.713, and 0.660 cm3/g were used for (GlyFlpHyph (GlyHypFlp)7, (GlyProFlp)7, 

(HypMepGlyh, and (GlyHypHyph, respectively. Data at multiple speeds at each temperature 

were globally fit as either a single species or as a mixture of monomer and trimer using programs 

written for IgorPro (Wavemetrics) by Dr. Darrell R. McCaslin at the University of Wisconsin 

Biophysics Instrumentation Facility. Small baseline optical densities of Abs230 :s 0.1 were 

employed at both temperatures studied for each CRP, although this modification improves the fit 

only slightly and does not alter our conclusions. Representative data and best fits for selected 

speeds at mUltiple temperatures are displayed in Figure 7.6. 
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100.6 MHz 13C NMR Spectrum of Compound 7.7 
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400 MHz 1 H NMR Spectrum of Compound 7.13 
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100.6 MHz 13C NMR Spectrum of Compound 7.13 
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400 MHz 1H NMR Spectrum of Compound 1.14 
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400 MHz 1H NMR Spectrum of Compound 7.15 
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13 C NMR Spectrum of Compound 7.15 

f: 

~~1 nO 
-NH 0 0 OH 

)c-GlyFlpFIp-OH (7.15) 

"'" ." ........ , "cl.L. t... "1.L .~ 
"" """" ""I'" 'Il'I """ '"" 

150 100 

.l 
j, l~ 1.L 

• .,," "1'"" ,.,.f'I""' ...... ., [I"' .... 

50 

"" ..I" 

"""" 
,~" ..o, ,l 

I""""" 

o PPM 

Vol 
VI 
o 



400 MHz 1 H NMR Spectrum of Compound 7.16 
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100.6 MHz 13C NMR Spectrum of Compound 7.19 
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CHAPTER 8* 

4-KETOPROLINE AND THE COLLAGEN TRIPLE HELIX: CONFORMATIONAL 

ANALYSIS AND PROGRESS TOWARD COY ALENTL Y LINKED COLLAGEN 

TRIPLE HELICES 

Abstract: The collagen triple helix is fonned from three parallel polypeptide strands linked by 

interstrand hydrogen bonds. The high entropic cost associated with assembling three individual 

polypeptides for triple-helix fonnation has motivated the development of a variety of templates 

for triple-helical, collagen-related peptides (CRPs). These templates stabilize the triple helix 

entropically by using covalent bonds to force the individual polypeptides into proximity. All the 

templates developed to date are either synthetically demanding or structurally non-ideal for 

triple-helical structure. We believed that we could overcome these disadvantages and create 

hyperstable, covalently linked triple helices by using solid-phase peptide synthesis to introduce 

reactive functional groups at appropriate locations in individual polypeptide strands. Proximity

induced reactivity could result in the fonnation of stable covalent bonds that would not disrupt 

triple-helical structure. In initial steps toward such an approach, we report here on the 

incorporation of (2S)-4-ketoproline (Kep) in stable collagen triple helices. First, we explore the 

confonnational preferences of Kep using ab initio calculations and NMR spectroscopy. These 

studies demonstrate that, although the confonnationally restricted Kep residue is less than ideal 

for substitution in the collagen triple helix, it could still be acceptable in a host-guest context. 

The incorporation of Kep residues as guests in triple helices fonned from Ac-(ProProGlY)IO-NH2 

CRPs shows that Kep slightly destabilizes the collagen triple helix. Initial efforts toward fonning 

interstrand covalent linkages to Kep residues in the triple helix are reported. 



356 
Author contributions: M. D. S. and R. T. R. designed research. M. D. S. and K. 1. K. collaborated 

to synthesize and analyze small molecules and peptides. M. D. S. drafted the manuscript and 

figures. R. T. R. analyzed data and edited the manuscript and figures. 

*This chapter has been prepared for publication, in part, under the same title. Reference: 

Shoulders, M. D.; Kamer, K. 1.; Raines, R. T. In preparation. 



357 
8.1 Introduction 

The collagen triple helix (CTH) is an elegant structural motif formed from three parallel 

polypeptide strands. The multimeric nature of the CTH mandates a considerable entropic penalty 

for CTH formation, due to the requirement to assemble three individual polypeptides in solution. 

Because of the importance of the triple-helical motif in biology and for materials applications, a 

number of research groups have focused efforts on understanding its structure and stability, as 

well as the design of hyperstable CTHs.1,43,112,193,254,256,301-304 

One prominent approach to the preparation of hyperstable CTHs is the covalent tethering of 

the three individual strands that compose a CTH. This "templating" of CTHs significantly 

reduces the entropic cost of CTH formation. Templated CTHs have additional advantages, 

including that their stability is not concentration-dependent305 and that they enable the synthesis 

of stable CTHs using extremely short peptide strands. Examples of small-molecule covalent 

templates used to stabilize the CTH include Kemp's triacid (cis,cis-I,3,5-trimethylcyclohexane-

I,3,5-tricarboxylic acid),306,307 . (2 . h 1) . 308 tns -ammoet y amme, and 

tris(hydroxymethyl)aminomethane (TRIS)?09,310 PAMAM dendrimers and TRIS-terminated 

dendrimers also provide effective scaffolds for CTH formation?1l-313 At least three macrocyclic 

scaffolds have been used to template CTH formation-cyclotriveratrylene/ 14 an I8-membered 

cyclic hydropyran oligolide,315 and a triserine lactone.316 The attachment of metal ion-binding 

• .c. h .. fCRP· h [:Co . 1 CTH c: . 310317-319 moths near t e termml 0 s IS anot er e lectlVe strategy to temp ate 10rmatlOn.' 

O h h h 1 d · l·fi d ·fi· 1 . kn 910176320-325 h 1· t er researc ers ave emp oye simp I Ie , artl ICta cystme ots'" or t e coup mg 

of amino acid sidechains outside the triple-helical portion of a CRP326-329 to both template CTH 

formation and enable the preparation of heterotrimeric CTHs. The cystine knot approach has 

proven particularly useful for collagen materials applications,9,10,176 and Nature itself uses cystine 
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knots to template the folding of natural CTHs.330 Although all of these approaches have their 

advantages, they generally suffer from either labor-intensive syntheses or significant structural 

disruption of the templated CTH due to the scaffold structure itself. 

We were interested in implementing an alternative approach to the preparation of covalently 

linked CTHs. The sequence of the CTH is such that every third amino acid is glycine (Gly), 

resulting in the repeating triplet of amino acids XaaYaaGly. We believed that the simultaneous 

substitution of a 4-ketoproline residue (Figure 8.1) in the Xaa position and a nucleophilic 

(2S,4R)-4-hydroxyproline (Hyp), (2S,4S)-4-mercaptoproline (Mcp), (2S,4R)-4-aminoproline 

(Amp), or other less conformationally constrained amino acid residue in the Yaa position could 

enable spontaneous formation of a covalent linkage (for example, a hemiketal or hemiaminal) 

that would dramatically stabilize the formed CTH (Scheme 8.1). Such a linkage could be 

unusually stable, as in common sugars, because the reactive functionalities are held in proximity 

by the triple-helical structure. If realized, this approach would prove particularly useful for 

collagen biomaterials applications. 

Figure 8.1 Image of (2S)-4-ketoproline (Kep) in a peptide. 

As a first step toward this covalently linked CTH design, we wished to explore the 

conformational properties of Kep and determine its effect on CTH stability. Kep has received 

scant attention in the context of peptides,331 although it was used in a study of the conformational 

preferences of collagen prolyl-4-hydroxylase (P4H),332 is the ultimate product of the 

hydroxylation of (2S,4S)-4-fluoroproline by P4H/32,333 and is present in the actinomycins.274,334 

Here, we report density functional theory (DFT) calculations to explore the conformational 
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Scheme 8.1 Depiction of the orientation ofaXaa position Kep residue and a Yaa position 
Hyp, Amp, or Mcp residue in neighboring strands in a folded collagen triple helix. The 
functional groups should be held in proximity by the collagen triple helix, enhancing the 
stability of any hemiketal (or similar covalent linkage) that forms. 

preferences of Kep in the gas phase and use NMR spectroscopy to explore its conformational 

preferences in solution. We further show that Kep can be incorporated as a guest in an Ac-

(ProProGlY)w-NH2 CRP, where it only slightly destabilizes the resultant CTH. Preliminary 

investigations into the properties of CTHs containing KepHypGly triplets did not provide 

evidence of hemiketal formation, but further studies with more nucleophilic amino acid residues 

in the Yaa position are underway. 

8.2 Results and Discussion 

We began by analyzing the conformational properties of the Kep derivative Ac-Kep-OMe 

(8.2) in the gas phase using hybrid DFT at the B3L YP/6-311 +G level of theory, as implemented 

in Gaussian03.22o Typical 4-substituted Pro derivatives display either the CY-endo or the CY-exo 

ring pucker. Such conformations are not readily accessible to Ac-Kep-OMe (8.2), due to the 

presence of an Sp2 hybridized carbon atom at CY and an amide nitrogen which has significant Sp2 

character. Hence, we expected that the pyrrolidine ring conformations adopted by Ac-Kep-OMe 

(2) would be significantly more planar than for typical CY-substituted Pro derivatives. Geometry 

optimizations validated this hypothesis, and showed that Cn is oriented slightly out of the plane 

of the ring. Two energy minima were located for Ac-Kep-OMe (8.2), and they differed primarily 

by the cis or trans orientation of the amide bond (geometry optimized conformations are 
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trans Ac-Kep-OMe (2) cis Ac-Kep-OMe (2) 

Figure S.2 Geometry optimized conformations of (A) trans Ac-Kep-OMe (S.2) and (B) cis 
Ac-Kep-OMe (S.2) depicted using the program PyMOL (Delano Scientific, Palo Alto, CA). 

displayed in Figure 8.2). It is noteworthy that our calculations indicate the trans conformation is 

favored relative to the cis conformation by 1.5 kcal/mol. The n~n:* interaction that can stabilize 

the trans conformation of peptide bonds8,lo8-llo is nearly absent in trans Ac-Kep-OMe (S.2) 

(~0.22 kcal/mol based on second-order perturbation theory290), due to a relatively unfavorable 

distance and angle between the amide oxygen and the ester carbonyl in the geometry optimized 

conformation of trans Ac-Kep-OMe (S.2). It is noteworthy that the ¢ and 'I' backbone torsion 

angles adopted by trans Ac-Kep-OMe (S.2) are ¢= -72° and 'I' = 156°, which are reasonably 

close to the ¢ and 'I' backbone torsion angles required in the Xaa position of the CTH (¢ = -75° 

and 'I' = 164°\ suggesting that Kep could be acceptable in the Xaa position of the CTH. 

We next synthesized Ac-Kep-OMe (S.2) by the Jones oxidation of Ac-Hyp-OMe (S.l) 

(Scheme 8.2). NMR spectroscopy confirms that the trans geometry of Ac-Kep-OMe (S.2) is 

significantly different in energy than the cis geometry, in both CDCb and D20. The values of the 

peptide bond isomerization equilibrium constant (Ktrans/cis) determined in CDCb and D20 were 

within error. Ktrans/cis(CDCh) = 4.3 and Ktrans/cis(D20) = 3.6, both of which are similar to those 

previously obtained for Ac-Pro-OMe in CDCb and D20.I08 
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OH 

acetone, 50% 

8.1 8.2 
Scheme 8.2 Synthesis of Ac-Kep-OMe (8.2). 

With these results in hand, we wished to explore the effect of Kep on CTH stability. Our 

conformational analyses suggested that Kep would be most acceptable in the Xaa position of the 

CTH. Thus, we prepared Fmoc-Kep-OH by the Jones oxidation of Fmoc-Hyp-OH (described 

previousll32) and incorporated Kep in the host-guest CRP Ac-(ProProGlY)4-KepProGly-

(ProProGlY)s-NH2 (Kep-CRP) via solid phase peptide synthesis. We also prepared the CRP Ac-

(ProProGlY)1O-NH2 (Pro-CRP) as a control peptide to better assess the effect of a single Kep 

residue on CTH stability. 

Circular dichroism (CD) spectroscopy can provide strong evidence for CTH formation. 

CTHs have a signature CD spectrum with a maximum near 225 nm and display a cooperative 

transition near 225 nm upon heating. Hence, we analyzed the conformational properties of Kep-

CRP and Pro-CRP using CD spectroscopy. Both Kep-CRP and Pro-CRP show the signature 

CD spectrum of a CTH (Figure 8.3A), and display cooperative transitions at 225 nm upon 

heating (Figure 8.3B), indicating that they both adopt a triple-helical conformation at low 

temperatures. Tm values (the temperature at the midpoint of the transition; see Table 8.1) were 

obtained by fitting the data in Figure 8.3B to a two-state model. 197 Notably, the Kep-CRP is ~3 

DC less stable than the Pro-CRP. Apparently, Kep slightly destabilizes the CTH in the Xaa 

position. This destabilization may be attributable to the relatively planar pyrrolidine ring 

conformation adopted by Kep residues (Figure 8.2), which could be difficult to accommodate in 

the sterically demanding environment of a folded CTH. 
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Figure 8.3 Confonnational analysis of Kep-CRP and Pro-CRP by CD spectroscopy. 
(A) Spectra of peptide solutions (0.2 mM in 50 mM acetic acid) incubated at ::;4 °C for 
::::24 h. (B) Effect of temperature on the molar ellipticity at 225 nm. Data were 
recorded at intervals of 3-oC after equilibration for::::5 min. 
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In an initial effort to evaluate the feasibility of our approach to covalently linked CTHs 

(Scheme 8.1), we prepared the CRP Ac-(ProProGlY)4-KepHypGly-(ProProGlY)s-NH2 (KepHyp-

CRP) and explored its confonnational properties by CD spectroscopy at three different pH 

values in phosphate buffer (pH = 3, 7, and 11.5). CD spectra obtained at 4 °C show that the 

KepHyp-CRP appears to adopt a triple-helical structure in solutions throughout the pH range 

(Figure 8.4A). Cooperative transitions were observed at 225 nm upon heating (Figure 8.4B), 
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Figure 8.4 Conformational analysis of KepHyp-CRP by CD spectroscopy at varying 
pH. (A) Spectra of peptide solutions (0.2 mM in 50 mM phosphate buffer at the pH 
values indicated) incubated at :S4 °C for 224 h. (B) Effect of temperature on the molar 
ellipticity at 225 nm. Data were recorded at intervals of 3-oC after equilibration for 25 
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confinning that the KepHyp-CRP fonns a stable CTH. T m values were obtained by fitting the 

data to a two-state model,197 and are reported in Table 8.1. Intriguingly, the CTHs fonned by the 

KepHyp-CRP had essentially the same T m value at all pH values studied, suggesting to us that 

although stable CTHs can fonn from this sequence, any hemiketal fonnation that occurs does not 

stabilize the CTH. MALDI-TOF experiments did not provide any evidence for covalent 

oligomerization at any of the pH values studied, but final conclusions will require the higher 

resolution analysis afforded by sedimentation equilibrium experiments. Nonetheless, our 

findings show that introduction of a 4R-substituted Pro derivative in the Yaa position of a Kep-

CRP does not reduce CTH stability, confinning the feasibility of our approach to covalently 

linked CTHs. 

S.3 Conclusion 

We explored the confonnational properties of Ac-Kep-OMe (S.2) usmg both ab initio 

calculations and NMR spectroscopy. We found that the trans peptide bond is favored by Kep, 

and that Kep adopts an unusually planar pyrrolidine ring confonnation. Incorporation of Kep in 

host-guest CRPs showed that it slightly destabilizes the CTH, but does not prevent CTH 

fonnation. In ongoing efforts, we are exploring alternative nucleophilic species in the Yaa 

position of Kep-containing CTHs, including the incorporation of Amp (which we have 

h . d· . 1 d 335-337) 1· . h· 1· 338 ·d 0 synt eSIze usmg prevIOUS y reporte routes , ysme, omIt me, or cana me resl ues. ur 

ultimate goal is to obtain CTHs covalently stabilized by hemiketal, hemiaminal, or related 

covalent linkages stabilized by proximity-induced effects. 
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8.S Experimental 

8.5.1 General Considerations 

Commercial chemicals were of reagent grade or better, and were used without further 

purification. Semi-preparative HPLC was performed with a Macherey-Nagel C8 reversed-phase 

column. Analytical HPLC was performed with an Agilent C8 reversed-phase column. Linear 

gradients of solvent A (H20 with 0.1% v/v TFA) and solvent B (CH3CN with 0.1% v/v TFA) 

were used for HPLC analysis and purification. 

The term "concentrated under reduced pressure" refers to the removal of solvents and other 

volatile materials using a rotary evaporator at water aspirator pressure «20 torr) while 

maintaining the water-bath temperature below 50 cC. Residual solvent was removed from 

samples at high vacuum «0.1 torr). The term "high vacuum" refers to vacuum achieved by a 

mechanical belt-drive oil pump. NMR spectra were recorded on a Bruker DMX-400 A vance 

spectrometer eH, 400 MHz; l3C, 100.6 MHz) in CDCh at the NMRFAM, unless indicated 

otherwise. NMR spectra were obtained at ambient temperatures. 
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Mass spectrometry was performed with a Micromass LCT (electrospray ionization, ESI) at 

the Mass Spectrometry Facility in the University of Wisconsin Department of Chemistry, or an 

Applied Biosystems Voyager DE-Pro (matrix-assisted laser desorption/ionization, MALDI) mass 

spectrometer in the UW-BIF. 

8.5.2 Synthesis ofN-Acetyl-(2S)-4-ketoproline Methyl Ester (8.2) 

Ac-Hyp-OMe (8.1) (1.45 g, 6.5 mmol) was dissolved in acetone (100 mL) and cooled to 0 

DC. Jones reagent (4.6 mL) was added and the reaction was stirred for 1 hat 0 DC. Isopropanol 

(10 mL) was added to quench the reaction. The reaction mixture was filtered and concentrated 

under reduced pressure. The resulting solid was dissolved in water (30 mL) and extracted with 

EtOAc (2 x 20 mL). The organic layer was dried with anhydrous MgS04(S) and concentrated 

under reduced pressure. The product was isolated by flash chromatography over silica gel 

(0:1O~1:19 v/v MeOH/CH2Ch) affording Ac-Kep-OMe (8.2) (0.60 g, 50%) as a yellow oil. IH 

NMR: 62.13 and 2.13 (s, 3H), 2.64 (dd, J= 3.5,18.3, 0.8H), 2.75 (d, J= 18.3, O.2H), 2.94 and 

3.04 (dd, J = 10.3, 18.9, IH), 3.77 and 3.80 (s, 3H), 3.82, 3.98, 4.07, and 4.17 (d, J = 17.7, 2H), 

4.85 (dd, J = 1.8, 10.7, O.2H), 5.03 (dd, J = 2.5, 10.7, 0.8H); I3C NMR: 

621.0,22.6,40.5,41.8,52.1,52.9,53.3,53.7,55.2,57.4, 170.1, 171.9,207.2; ESI-EMM: mlz 

[M + Ht calcd for C8H12N04 186.0761, found 186.0755. 

8.5.3 Measurement of K'ranslcisfor Ac-Kep-OMe (8.2) 

Ac-Kep-OMe (8.2) (~5 mg) was dissolved in D20 (~0.8 mL) or CDCh. IH NMR spectra 

were acquired and worked up using the software NUTS. 195 
Ktrans/cis was determined from the 

relative areas of trans and cis peaks. 
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8.5.4 Peptide Synthesis 

Kep-CRP and KepHyp-CRP were synthesized by condensation of Fmoc-ProProGly-OH 

amino acid trimers (described previouslyI5), Fmoc-Kep-OH, Fmoc-Hyp(tBu)-OH, Fmoc-Gly

OH, as appropriate on a solid phase using an Applied Biosystems Synergy 432A Peptide 

Synthesizer at the University of Wisconsin-Madison Biotechnology Center. The synthesis of 

Pro-CRP was described previously?45 The first ProProGly trimer was loaded onto Fmoc-amide 

resin under standard coupling conditions. Subsequent Fmoc-ProProGly-OH trimers were coupled 

using standard coupling conditions, as were the individual Fmoc-Pro-OH, Fmoc-Hyp(tBu)-OH, 

and Fmoc-Gly-OH amino acids for the guest triplet. Fmoc-Kep-OH was either double- or 

quadruple coupled and unreacted sites on the nascent peptide were subsequently capped by 

acetylation. The final four Fmoc-ProProGly triplets were coupled under standard coupling 

conditions and the peptide was capped by acetylation prior to cleavage. During the peptide 

synthesis, Fmoc-deprotections were achieved by treatment with 20% (v/v) piperidine in DMF. 

The Fmoc-tripeptides or amino acids (3 equivalents) were converted to active esters by treatment 

with HBTU, DIEA, and HOBt. Couplings were allowed to proceed for 45-60 min at rt. N

terminal acetylations were achieved using 3 equivalents of acetic acid and standard coupling 

reagents. Peptides were cleaved from the resin in 38:1:1 TFA:H20:TIPS (3 mL), precipitated 

from tert-butylmethylether at 0 °C, and isolated by centrifugation. Semi-preparative HPLC was 

used to purify the peptides at 60°C (after preheating solutions to 70 °C to disassemble any 

oligomers) Kep-CRP (5.2 mUmin flow rate; gradient: 10% B to 75% B over 45 min) and 

KepHyp-CRP (9.5 mUmin flow rate; gradient: 10% B to 75% B over 50 min). The peptides 

were >90% pure by analytical HPLC and MALDI-TOF mass spectrometry (m1z) [M + Nat 
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calcd for C122H173N31032Na 2607.3, found 2608.3 for Kep-CRP; calcd for C122H173N31033Na 

2624.3, found 2623.6 for KepHyp-CRP. 

8.5.5 Conformational Analyses by CD Spectroscopy 

CD spectra were recorded with an Aviv 202SF circular dichroism spectrometer in the UW-

BIF. For the analyses, peptide solutions in either 50 mM HOAc (pH 3) or 50 mM phosphate 

buffer (aq) (pH 3, 7, or 11.5) that had been incubated at :::;4 °C for ~48 h were used. CD spectra 

were recorded in 1-nm increments with a 5-s averaging time, 1-nm bandpass, and O.l-cm 

pathlength. The solutions were heated in 3-o C increments with a ~5-min equilibration at each 

step. The ellipticity at 225 nm was monitored with a 5-s averaging time, 1-nm bandpass, and 0.1-

cm pathlength. Values of T m were determined by fitting the data to a two-state model. 197 

8.5.6 Computational Methodology 

The conformational preferences of Ac-Kep-OMe (8.2) were examined by hybrid DFT as 

implemented in Gaussian 03.220 Geometry optimizations and frequency calculations at the 

B3L YP/6-311 +G(2d,p) level of theory were performed on the cis and trans geometries of the 

preferred ring conformation. Frequency calculations on the optimized structures yielded no 

imaginary frequencies, indicating true stationary points on the potential energy surface. The 

resulting self-consistent field energies were corrected by the zero-point vibrational energy 

determined in the frequency calculations. 
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CHAPTER 9 

CONCLUSIONS AND FUTURE DIRECTIONS 

Abstract: The findings reported in this thesis are briefly summarized, and possible future 

directions for the collagen field are described. 
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9.1 Conclusions 

The research findings reported in this thesis demonstrate the power of a physical organic 

approach to understanding protein structure and stability. The seamless integration of synthetic 

organic chemistry to provide new amino acid derivatives to probe protein structure, modem 

biophysical tools to obtain high-precision measurements, and a physical perspective on protein 

structure, stability, and conformation enabled us to develop and provide strong evidence for a 

theory describing the physicochemical basis of collagen structure and stability. Along the way, 

we have explored anomalies, discovered triple helices with new properties, and gained a 

comprehensive understanding of the triple helix. The depth of our developing understanding is 

illustrated in Figure 9.1, where we plot the stabilities of ten triple helices equivalent in every 

respect except the identity of the functionality at the 4-position of proline residues. The data in 

Figure 9.1 shows that we can now rationally design a triple helix with almost any desired thermal 

stability. The precise understanding of structure required to achieve this feat is replicated with 

very few other proteins, and illustrates the utility of our approach to protein structure. The 

synergy between organic, physical, and biophysical chemistry enabled these developments. 

9.2 Future Directions 
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(Xaa-Yaa-Glyh 

Figure 9.1 Triple-helix stability can be modulated over a wide range of temperatures 
by controlling the identity and configuration of functional groups at the y-position of 
proline residues.4 
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Looking forward, it is clear that there is still much unknown both about the triple helix and 

about collagen in the broadest sense. Although the findings reported in this thesis represent the 

culmination of decades of work studying triple-helix structure and stability, it must be 

recognized that these, and nearly all other studies on collagen-related peptides, focus on proline-

rich 712 triple helices. Much less is known about proline-poor triple helices and the 10/3 triple 

helix. Furthermore, the mechanism of triple-helix folding is only beginning to be understood. 

Notably, most of the studies reported in this thesis rely on homotrimeric triple helices, yet 

many triple helices in Nature are heterotrimeric. How would the study of heterotrimers alter our 

conclusions? Furthermore, it is currently not know whether the properties of triple-helical 

collagen-related peptides correlate with the properties of collagen fibrils. Recently developed 

techniques for the assembly of synthetic collagen fibrils suggest that we may soon be able to 

explore this issue. 

As our understanding of collagen structure continues to develop, we can begin to identify the 

functionalities in the collagen sequence which are important for higher-order collagen structure, 

such as fibrils and networks. Developments in this field will enable the design of improved 
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collagen biomaterials and the development of efficacious treatments for collagen-related disease. 

Along the way, it will be important to understand in higher-resolution the structure of 

supramolecular collagen assemblies. 

4-Substituted proline derivatives hold great promise for the burgeoning field of protein 

engineering. Our findings show how proline derivatives can be rationally employed to stabilize 

(or destabilize) and functionalize protein and peptide structures. In the future, protein 

engineering by incorporation of proline derivatives will become a valuable and broadly 

applicable strategy. 
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APPENDIXA* 

EVALUATING THE IMPACT OF PROLINE RING PUCKERS ON AMIDE TRANS-

CIS EQUILIBRIA 

Abstract: Proline ring pucker and amide trans:cis ratios (Ktrans/cis) for different y-substituted 

proline derivatives are strongly correlated. Proline derivatives whose CY-exo ring puckers are 

highly populated have high Ktrans/cis, whereas proline derivatives whose CY-endo ring puckers are 

highly populated have low Ktrans/cis. The predictive utility of this correlation is challenged by 

density functional theory, which predicts an unusually high Ktrans/cis for CY -endo puckered N-

acetyl-(2S,4R)-4-fluoroproline methyl ester (Flp) (a sparsely populated conformer of Flp). 

Fluorinated methanoproline derivatives were synthesized as constrained models of CY-exo and 

CY-endo Flp, and their conformational preferences studied. The results are consistent with 

theoretical predictions for CY -endo Flp, and indicate that the anomalously high Ktrans/cis of CY-

endo Flp could be due to dipole moment effects unique to CY-endo Flp. 

~
F ~ C'Y-exo Flp Model ~F ~ C'Y-endo Flp Model 

~ Ktrans/cis = 4.6 ;;:;L ~~. Ktranslcis = 6.4 ~~ 
N - N versus N F N F 

~ ~ ;( 
C02Me C02Me C02Me C02Me 

cis f.1 = 3.4 0 trans f.1 = 4.6 0 cis f.1 = 5.6 0 trans f.1 = 2.5 0 

--+ = bond moment 

*This appendix has been prepared for publication, in part, under the same title. Reference: Krow, 

G. R.; Shoulders, M. D.; Gandla, D.; Yu, F.; Edupuganti, R.; Sonnet, P. E.; Choudhary, A.; 

DeBrosse, c.; Ross, C. W. III; Raines, R. T., In Preparation. 



376 
Author contributions: M. D. S. analyzed data, proposed experiments, and drafted the manuscript 

and figures. G. R. K. designed research, analyzed data, and edited the manuscript and figures. D. 

G., F. Y., and R. E. synthesized novel compounds. P. E. S. and A. C. performed computational 

analyses. C. D. performed NMR spectroscopy experiments. C. W. R. performed mass 

spectrometry measurements. R. T. R. analyzed data. 



377 
A.1 Introduction 

Proline (Pro) is unique among the twenty common ammo acids because its sidechain is 

covalently linked to the amino acid backbone. In a peptide context, the cyclic nature of Pro 

results in formation of tertiary amide bonds rather than the secondary amide bonds observed for 

the other nineteen amino acids. The presence of tertiary amide bonds to Pro residues has 

important effects on protein structure and folding.339,34o Specifically, a high population of the cis 

peptide bond is observed in Pro ami des, whereas amino acids that form secondary amides exist 

nearly exclusively in the trans peptide bond conformation.341 

The five-membered pyrrolidine ring in Pro exists in various ring puckers. CY experiences a 

large out-of-plane displacement in these puckers,14 and thus we refer to the two major 

conformations as CY-endo and CY-exo (see Table A.I). The predominant ring pucker for a 

particular Pro derivative can be controlled by functionalization of CY with either electronegative 

or spatially demanding functional groupS.8,12,20,201,219,278 Previous work suggests that Pro ring 

Table A.1 Amide Conformational Preferences for Substituted Pro lines in D20 (25 °C)66 

Cf-endo trans C'(·exo trans 

O-endo cis C'-exo cis 

compound X Y Ktrans/cis ring puckera 

Ac-Flp-OMe A.I F H 6.7 86% exo 
Ac-Hyp-OMeb A.2 OH H 6.1 
Ac-Pro-OMe A.3 H H 4.6 66% endo 
Ac-flp-OMec A.4 H F 2.5 95% endo 
Ac..:hyp-OMed A.S H OH 2.4 

aData collected in dioxane (see ref. 8). bHyp = (2S,4R)-4-hydroxyproline. cflp = (2S,4S)-4-fluoroproline. dhyp = 
(2S,4S)-4-hydroxyproline. 
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pucker and amide trans:cis ratios (Ktrans/cis) for Pro derivatives are strongly correlated. Pro 

derivatives whose CY-exo ring puckers are highly populated have high Ktrans/cis, whereas Pro 

derivatives whose CY-endo ring puckers are highly populated have low Ktrans/cis (Table 

A.l).8,12,20,201,219,278,342 High Ktrans/cis for CY-exo puckered Pro derivatives is attributable to a 

stabilizing n~n* interaction between 0 0 of a trans prolyl peptide bond with CI=OI. This 

interaction is possible only with the ¢J and If/ angles enforced by a CY-exo ring pucker, rather than 

those enforced by a CY-endo ring pucker.8,108.110,112 These features ofy-substituted Pro derivatives 

are useful for many protein engineering applications, including modulation of the structure and 

stability of collagen, elastin, and many other peptides and proteins.8,11,12,20,66.68,71,73,88,99,1l6,118. 

121,123,201,219,278 

In contrast to the experimentally observed correlation between CY-endo ring pucker and low 

Ktrans/cis, density functional theory (DFT) studies predicted an anomalously high Ktrans/cis for CY-

endo puckered N-acetyl-(2S,4R)-4-fluoroproline methyl ester A.I (en-Flp) (a sparsely populated 

conformer ofFlp A.I) (Table A.2).8,89 Notably, these theoretical studies predicted that en-Flp has 

Table A.2 Calculated Amide Conformational Preferences for the Two Ring Puckers of y
Substituted Pro Derivatives8 

compound (Elrans - Ec;s) (kcal/mol)a 
ex-FIp A.I -1.29 
en-FIp A.I -1.62 
ex-Pro A.3 -1.39 
en-Pro A.3 -1.20 
ex-fip A.4 -1.51 
en-fip A.4 -0.13 

aValues derive from single-point energy DFT calculations with B3LYP at 6-311+G(2d,p) (see ref 8
). 

an even higher Ktrans/cis than CY-exo puckered Flp A.I (ex-Flp). We were interested in testing this 

theoretical prediction and determining the basis for the anomalously high Ktrans/cis of en-Flp, 

especially because of the importance of y-substituted Pro derivatives in protein 

engineering.8,11,12,20,66.68,71,73,88,99,116,118.121,123,201,219,278 However, en-Flp is a sparsely populated 
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confonner of Flp A.I, and rapidly equilibrates with the ex-Flp confonner. It was therefore 

difficult to study the confonnational properties of en-Flp using Flp A.I itself, and a model 

system was required. 

2-Azabicyc1o[2.1.1 ]hexanes are useful structural analogs of Pro. Methanoproline (MetPro) 

derivatives of this type, depicted in Figure A.I, are effectively Pro residues, but display both the 

C"-exo and C"-endo ring puckers. Appropriate replacement of a hydrogen atom at the C"I or Cy2 

position of MetPro generates constrained mimics of y-substituted prolines. Previously, we used 

this Pro model system to demonstrate that constraining the pucker of the pyrrolidine ring in y-

substituted Pro derivatives can abolish the effect of such substituents on Ktrans/cis (it is noteworthy 

that natural bond orbital (NBO) calculations indicate that n-w interactions are not significant 

«0.5 kcallmol) in MetPro derivatives, due to their highly constrained ¢ and IjI angles ).111 

Nonetheless, we were unable to address the anomalously high Ktrans/cis predicted for en_Flp,8,89 

because we could not synthesize en-Flp and ex-Flp analogs at that time. We now present a 

synthetic route to the en-Flp and ex-Flp MetPro analogs A.6 (ex-MetFlp) and A.7 (en-MetFlp) 

(see Figure A.I), and characterize these Flp model systems in detail. Our results confinn 

previous theoretical predictions,8,89 and provide an explanation for the high Ktrans/cis of en-Flp. 

~ 
C02Me 

cY-exo Flp (ex-Flp) 

-}LF 
. C02Me 

CLendo Flp (en-Flp) 

embedded in ex-MetFlp A.6 embedded in en-MetFlp A.7 

Figure A.I Structures of Flp A.I confonners embedded in MetPro Derivatives ex-MetFlp A.6 
and en-MetFlp A.7. 
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A.2 Results and Discussion 

The requisite MetFlp derivatives A.6 and A.7 were prepared from the fluorinated 

methanopyrrolidines A.8 and A.9 (see Table A.3). Compounds A.8 and A.9 were treated with s-

BuLi at -78°C to yield a mixture of Cl and C3 anions.343 The carbanions were transformed to 

the desired C3 -methyl esters by one of three methods: treatment with CO2(g), acidification, and 

then esterification with TMS-diazomethane (Method A); treatment with ethyl chloroformate 

(Method B); or treatment with DMF followed by conversion to the acid and esterification with 

TMS-diazomethane (Method C). Deprotection and subsequent acetylation of the C3 methyl esters 

A.I0 and A.12 afforded the desired MetPro derivatives ex-MetFlp A.6 and en-MetFlp A.7, 

respectively. 

Table A.3 Synthesis of N-BOC-Fluoromethanoprolines343 

~x BO~X 1 
BOC, 1 1. s-BuLi 'N' Y 

3 N' Y 2. Method A, B, or ~ 3 

C02Me 

entry substrate X Y method products (yield %) 
C)-ester CI-ester 

I 5-syn-F A.S FHA A.tO (27) A.ll (17) 
2 5-syn-F A.S F H B A.tO (24) A.ll (26) 
3 5-anti-F A.9 H F A" A.12: A.13 1:1 (16) A.t4 (17) 
4 5-anti-F A.9 H F C" A.12:A.13 1:1 (12) A.t4(22t 

Method A = (i) CO2; (ii) TMSCHN2. Method B = (i) CIC02Me. Method C = (i) DMF; (ii) NaBH4 ; (iii) 
NaOClITEMPO; (iv) TMSCHN2• "Addition of the electrophile gave a 1:1 mixture of C) isomers A.12 and A.13. 
bYield of the hydroxymethyl precursor of A.t4. 

Ktrans/cis values for each MetPro derivative were determined in D20 and CDCh, and compared 

to theoretically predicted gas phase values (Table A.4). MetPro A.IS exhibits a Ktrans/cis of 3.9 in 

D20, similar to the Ktrans/cis of ex-Metflp A.16 (ex-Metflp is an analog of (2S,4S)-4-

fluoroproline), which has a Ktrans/cis of 4.6 in D20 (both of which we reported on previously). I II 

Similarly, ex-MetFlp A.6, which has an embedded ex-Flp (Figure A.I), has a Ktrans/cis of 4.7 in 

D20. en-MetFlp A.7, on the other hand, is distinctive among all the MetPro derivatives with a 
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Ktrans/cis of 6.4 in D20. DFT calculations had previously predicted an anomalously high Ktrans/cis 

for en_Flp.8,89 That theoretical prediction is now confirmed by our experimental findings for en-

MetFlp A.7, an en-Flp mimic (Figure A.l). 

Table A.4 K'rans/cis of MetPro Derivatives 

fK. Z , 

~Y 
trans cis 

compound X Y Z D20 CDC1} calc. (gas )6 
MetPro A.IS H H H 3.9c 2.4d l.7 

ex-Mettlp A.I6 H H F 4.6c 2.9d 2.4 
ex-MetFlp A.6 F H H 4.7 2.1 1.2 
en-MetFlp A.7 H F H 6.4 4.S 3.8 

aValues of Ktrans/cis were measured at 25°C using 19F NMR spectra or, for MetPro A.IS, I3C NMR (see ref. III). 

bCalculated Ktrans/cis were obtained using MP2/6-31 G( d,p)/ /RHF /6-31 G( d) minimized structures. cThis work. Values 
in ref. III were measured in D20:CD}OD ~4: l. dThis work. Values in ref. III are within experimental error. 

Thus, we have shown that the en-Flp mimic en-MetFlp A.7 is unique among monosubstituted 

MetPro derivatives because of its unexpectedly high Ktrans/cis. To understand this result, we 

performed DFT and NB0290 analyses. Geometry optimizations and frequency calculations were 

performed on four conformational energy minima for each of the MetPro derivatives A.6, A. 7, 

A.IS, and A.16 (see Table AS). Optimized geometries were then sUbjected to NBO analysis. In 

the four conformations studied, the ester is either distal (Ijf ~ 155°) or proximal (Ijf ~ 15°) (see 

Table AS), and the amide bond is either trans or cis. Results for each MetPro derivative are 

summarized in Table AS. 

The trans-distal (td) conformation was the minimum energy conformation for all the MetPro 

derivatives in Table A.5, representing 43-65% of the total conformer population. Two features 

of the calculated structures are notable and relevant to understanding the properties of MetPro 

and Pro derivatives: First, the low overall molecular dipole moment (Jl) of en-MetFlp A.7td and, 
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second, the anomalously high s-character of the amide nitrogen lone pair in all the ex-MetFlp 

A.6 conformations. 

Table A.S Selected Calculated Structural Parameters for Major Conformers of MetPro 
Derivativesa 

cis distal (cd) 

trans distal (td) 1~ Me 

1~ ~ ~o 
N---{-" 

trans proximal (tp) =- O~Me H 

cis proximal (cp) 
compound/conformation mole fraction l (D) s-character of N lone pair (%)" 

A.I5 td 0.50 4.3 1.46 
tp 0.14 5.2 1.80 
cd 0.28 5.5 1.60 
cp 0.09 2.5 2.75 

A.I6 td 0.57 3.9 0.83 
tp 0.14 2.3 1.16 
cd 0.06 5.6 l.ll 
cp 0.23 3.0 2.28 

A.6 td 0.43 4.6 3.69 
tp 0.11 5.8 4.21 
cd 0.13 5.6 3.58 
cp 0.33 3.4 4.48 

A.7 td 0.65 2.5 1.17 
tp 0.14 3.6 1.44 
cd 0.16 5.6 1.25 
cp 0.05 2.6 2.24 

'Calculated using MP2/6-3IG(d,p)/IRHF/6-3IG(d). 6Calculated dipole moment. cFrom NBO calculations on energy
minimized structures. 

One of many forces that contribute to molecular conformations is the drive to minimize the 

overall dipole moment of the molecule.344-348 Our calculations indicate that all the minimum 

energy td conformations of MetPro derivatives have J.1 2: 3.9 D, with the sole exception of en-

MetFlp A.7, which has J.1 = 2.5 D (Table A.5). More importantly, en-MetFlp A.7 is the only 

molecule whose td conformation has J.1 > 1.2 D lower than that of its major cis conformer (cd or 

cp, for A.7 (f.1cd - J.1td) = 3.1 D). The anomalously low J.1 of en-MetFlp A.7td occurs because the 

C-F and amide bond moments counteract each other in that particular conformation (see 
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graphical abstract). Therefore, the low 11 of en-MetFlp A.7td could be the basis for both the high 

stability of that conformation and the overall high Ktrans/eis of en-MetFlp A.7. This finding is 

applicable to the anomalously high Ktrans/eis of en-Flp (Table A.2): The major trans en-Flp 

conformer, td, has 11 = 1.5 D, which is much less than that of the corresponding major trans ex-

Flp conformer (11 = 3.1 D) or cis en-Flp (11 = 5.6 D, (Iled - Iltd) = 4.1 D). Thus, the high Ktrans/eis 

of en-Flp is attributable to the low 11 value of its td conformer, which occurs because the C-F and 

amide bond moments counteract each other in that conformation. 

An interesting structural feature of the ex-Flp conformer of Flp A.1 is also uniquely 

observable in our Flp A.1 mimic, ex-MetFlp A.6. Specifically, the proximity of the fluorine atom 

and the amide nitrogen in ex-MetFlp A.6 (see Figure A.l) results in enhanced s-character for the 

amide nitrogen lone pair due to lone pair repulsion between the lone pair on nitrogen and lone 

pairs on fluorine (Table A.5). This repulsion causes reduced planarity of the amide nitrogen and 

correspondingly lessened amidic resonance (based on NBO calculations). The fluorine and the 

amide nitrogen atoms are forced into proximity in the ex-MetFlp A.6 model for ex-Flp, but in ex-

Flp the innate flexibility of the pyrrolidine ring likely prevents observation of this interaction.201 

Idealized C'Y-exo puckers, such as that observed in ex-MetFlp A.6, are therefore not possible for 

the more flexible Flp A.1 because of this lone pair repulsion. 

A.3 Conclusion 

We have utilized our MetPro model system to experimentally confirm previous theoretical 

predictions of an anomalously high Ktrans/eis for the sparsely populated Flp A.1 conformer en-

Flp.8,89 We show that the high Ktrans/eis of en-Flp could be attributable to its unusually low Ji. The 

low Ji of en-Flp occurs because the amide and C-F dipoles counteract each other in the trans 
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confonner of en-Flp. Because en-Flp is a sparsely populated confonner of Flp A.l, the impact of 

the low J1 value of the en-Flp td confonner on the overall Ktrans/cis of Flp A.l is negligible. 

Nonetheless, it may be possible to develop similar bond moment orientations in highly populated 

confonners of other y-substituted Pro derivatives, and thus to disrupt the general correlation of 

CY-exo ring pucker with high Ktrans/cis values. Consequently, the exception to the correlation of 

Pro derivative ring pucker with Ktrans/cis described herein must be considered when designing Pro 

derivatives for protein engineering. 8,11,12,20,66-68,71,73,88,99,116,118-121,123,201,219,278,349,350 
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NON-COVALENT INTERACTIONS TO GENERATE SELF-ASSEMBLED 

SYNTHETIC COLLAGEN MATERIALS 
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Abstract: Previously, we described the synthesis of short collagen triple helices covalently linked 

by means of a cystine knot which set the triple-helix strand register such that a triple-helical 

segment displayed "sticky ends" at both of its termini. These sticky-ended collagen triple-helix 

segments self-assembled into lengthy triple helices (::::400 nm). To mitigate the labor-intensive 

synthesis of these self-assembling collagen peptides and potentially improve their self-assembly 

properties, we sought to prepare sticky-ended triple-helical segments by using non-covalent 

interactions to enforce strand register. We have shown that triple helices composed of 

(clpClpGlY)n strands (where clp is (2S,4S)-4-chloroproline and Clp is (2S,4R)-4-chloroproline) 

are unstable because of a deleterious interaction between the chlorine atoms of clp and Clp 

residues on neighboring strands. 12 We present here our efforts toward using this destabilizing 

interstrand interaction to generate sticky-ended collagen triple helices with self-assembling 

properties, and describe possible future directions for this research. 

Author contributions: M. D. S., Dr. Frank W. Kotch, and R. T. R. designed research. M. D. S. 

performed research, analyzed data, and composed this appendix. 
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B.t Introduction 

Research into understanding the structure and stability of collagen has focused on short, 

blunt-ended (XaaYaaGlY)nslO collagen triple helices (CTHs).1,43,303,351 These short CTHs, while 

valuable for studies directed at understanding the molecular determinants of collagen's structure 

and stability, are not applicable to the many potential biomaterials uses for collagen due to their 

very small size. Hence, synthetic methods to create long CTHs and fibrils are necessary if 

knowledge of collagen at the chemical level is to be applied at a materials level. Furthermore, 

while bovine collagen is available and useful for some biomedical purposes, it suffers from both 

heterogeneity, immunogenicity, and loss of structural integrity during isolation. A synthetic 

source of collagen would avoid these complications and is therefore an important target. 

Recently, several synthetic approaches to the creation of long CTHs were reported. Direct 

condensation or the native chemical ligation of short collagen-related peptides (CRPs) can yield 

a highly heterogeneous population of long, but misfolded CTHs.173 A second approach utilizes a 

cystine knot in the center of short triple-helical fragments to set the register of individual 

collagen strands such that short, "sticky" ends are displayed at both ends of each monomeric 

segment (Figure B.IA).9,10,176 Self-assembly of the short collagen fragments is then mediated by 

association of the sticky ends, resulting in collagen assemblies as long as 400 nm,IO significantly 

longer than native collagen molecules. Maryanoff and coworkers developed an approach to 

lengthy, self-assembled CTHs by relying on the predilection of C-terminal phenylalanine side 

chains on short CRPs to engage in Jr-stacking interactions with N-terminal, electron poor 

phenylalanine side chains (Figure B.1B),22 an approach which has since been utilized to generate 
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Figure B.t Strategies for the self-assembly of long, synthetic collagen triple helices and 
fibrils (figure reproduced from ref. lJ. (a) Disulfide bonds enforce a strand register with 
"sticky ends" that self-assemble.9

, 0 (b) Stacking interactions between electron-poor 
pentafluorophenyl rings and electron-rich phenyl rings lead to self-assembly.22,23 (c) 
Coulombic forces between cationic and anionic blocks encourage self-assembly. TEM image 
of a resulting fiber shows D-periodicity with D = 17.9 nm.25 Natural type I collagen has D = 

67nm. 
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thrombogenic synthetic CTHs.23,182 Although this strategy produced micrometer-scale triple-

helical fibers, the extensive substitution of aromatic residues in the self-assembled CTH is less 

than ideal, because aromatic residues often disrupt CTH structure. 137 Conticello and coworkers 

used electrostatic interactions to prepare D-periodic collagen fibrils, a major advance in the field 

(Figure B.l C). 25 Finally, metal-triggered self-assembly mediated by metal ion interactions with 

amino acid sidechains can yield self-assembled triple-helical materials. 178,179 These materials, 

however, bear little resemblance to natural collagen fibrils. 

Sticky end-mediated self-assembly of short CTHs whose register is established by a cystine 

knot is a powerful method for synthesis of CTHs of biologically relevant length. 1o However, the 

practicability of the cystine knot approach to sticky-ended CRPs is limited by the labor-intensive 

synthesis and difficulty of scale-up. To enhance the usefulness of the sticky end approach, we 

believed we could prepare readily synthesized CRPs capable of setting their own register in the 

absence of a cystine knot, and thus self-assembling into long CTHs. We believed a particularly 

simple approach to establishing CTH strand register could derive from the interaction shown in 

Figure B.2A. The deleterious steric interaction between fluorine (or chlorine) atoms in 

neighboring strands of a fluorinated or chlorinated CRP could force short CTHs to fold with 

sticky ends, leading ultimately to a self-assembly process such as that depicted in Figure B.3. 

Initial attempts toward realizing the type of assembly depicted in Figure B.3 were made 

utilizing (flpFlpGlY)r(ProProGly)y peptides (flp = (2S,4S)-4-fluoroproline; Flp = (2S,4R)-4-

fluoroproline)?52 However, [(flpFlpGlY)lOh and [(ProProGlY)lOh CTHs have similar thermal 

stability,II,73 so the CRPs (flpFlpGlY)r(ProProGly)y folded as blunt-ended assemblies and 

longer, self-assembled collagen strands were not observed. Therefore, we began exploring larger 

electronegative functionalities that when placed in the 4-position of a proline ring would enforce 
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Figure B.2 Space-filling models of segments of triple helices constructed from the three
dimensional structure of a (ProHypGlY)n triple helix (PDB entry I CAG3) by replacing the H 
or OH on Pro and Hyp with F or CI, respectively, using the program SYBYL (Tripos, St. 
Louis, MO) and depicting the images with the program PyMOL (Delano Scientific, Palo Alto, 
CA). The figure is reproduced from ref. 12. (A) Segment of a (flpFlpGlY)n triple helix (rF"'F = 

2.4 A).II (B) Segment ofa (clpClpGly)n triple helix (rcl"'C\ = 1.9 A). 

the pyrrolidine ring pucker via the gauche effect just like fluorine, but were of larger size to 

enhance the deleterious steric effect that destabilizes (flpFlpGlY)n CTHs (Figure B.2A).1I,73 

We believed that a 4-chloro moiety would meet the requirements described above, so a 

comprehensive investigation of the properties of the 4-chloroprolines and their effects on the 

structure of CTHs was undertaken and is reported in Chapter 5 of this thesis. Importantly, 

(2S,4S)-4-chloroproline (clp) and (2S,4R)-4-chloroproline (Clp) appropriately protected for 

peptide synthesis could be synthesized on >20 g scale in >90% overall yield,12 suggesting this 

route would obviate the synthetic difficulties associated with the synthesis of cystine knot-

directed self-assemblying CTHs.\O (clpClpGly)\O CTHs are much less stable than (ProProGly)\O 

CTHs due to the interaction in Figure B.2BI2 and preliminary data indicated that (clpClpGly)1O 

strands could form hyperstable heterotrimeric CTHs with (ProProGly)1O strands. Hence, we 

believed that CRPs formed from appropriate combinations of (clpClpGly) and (ProProGly) 

triplets could self-assemble as in Figure B.3. To test the approach in Figure B.3, we wished to 

synthesize peptides of the form (clpClpGlY)x-(ProProGly)y and explore their properties. 
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Figure B.3 Scheme for the self-assembly of individual, chlorinated (or fluorinated) 
collagen triple helices into a long triple helix. G = Gly; P = Pro; c = c1p; C = Clp. For 
simplicity, the strands depicted here are only eighteen amino acid residues in length. 

B.2 Results and Discussion 
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The CRPs we prepared for this study are listed in Table B.I. Peptide syntheses were 

particularly challenging, even considering that CRP synthesis and purification is often difficult 

due to the high Pro content and repetitive sequence of CRPs. We were unable to prepare CRPs 

with c1pClpGly triplets near the C-terminus due to poor coupling yields. However, after 

extensive optimization of peptide synthesis procedures, we were eventually able to prepare the 

CRPs in Table B.I. Biophysical analyses were performed at various peptide concentrations in I 

mM MES buffer at pH 5.65. We selected pH 5.65 to ensure that both the N- and C-termini were 

in a charged state to maximize unfavorable electrostatic interactions between the CRP termini 
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and drive assembly of CTHs with sticky ends. Self-assembly attempts were performed 

employing various heating and cooling profiles of the CRP solutions in an effort to enhance self-

assembly.25 

Initially, we prepared (c1pClpGlY)3-(ProProGlY)6 (B.1) and (c1pClpGlY)6-(ProProGlY)3 (B.2) 
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Figure B.4 (A) Conformational analysis of B.1-B.4 by CD spectroscopy. (A) Spectra of 
peptide solutions (0.2 mM in 1 mM Mes buffer at pH 5.65) incubated at :54 °C for 2:24 h. 
(B) Effect of temperature on the molar ellipticity at 226 nm. Data were recorded at intervals 
of3-oC after equilibration for 2:5 min. 
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and examined their properties by circular dichroism (CD) spectroscopy and analytical 

ultracentrifugation. The CD spectra of B.1 and B.2 do not appear triple-helical (CTHs have a 

signature maximum near 225 nm) and do not yield a cooperative transition. near 225 nm upon 

heating (Figure BA). AVC experiments confirmed that both B.1 and B.2 were monomeric and 

self-assembly did not occur (see Table B.1). 

Table B.1 Characterization of Potential Self-Assembling CRPs 
peptide 

(clpClpGlyh-(ProProGlY)6 (B.1) 
(clpClpGlY)6-(ProProGlY)3 (B.2) 
(clpClpGlY)c(ProProGly)s (B.3) 

(clpClpGlY)cProArgGly-(ProProGlYh-GluProGlyProProGly (B.4) 
(GlyclpFlp )3-(GlyProPro)6 (B.5) 
(G lyclpFlp )6-( Gly ProPro)3 (B.6) 

(GlyclpFlp )rG lyProArg-(Gly ProPro )cG lyGluPro (B.7) 
( clpHypGly)r{ProProGlY)6 (B.8) 

Tm COC) AUC 
no helix monomer 
no helix monomer 

46 trimer 
34 trimer 

no helix nd 
no helix monomer 
no helix monomer 

27 nd 

With these results in hand, we next increased the length of the potentially self-assembling 

CRPs to enhance CTH stability. We prepared (c1pClpGlY)4-(ProProGlY)8 (B.3) and found that it 

displayed the signature CD spectrum for the CTH with a maximum near 225 nm. Thermal 

denaturation demonstrated a cooperative transition near 225 nm, as is observed for CTHs (Figure 

BA). We were disappointed to find that AVC analysis showed that B.3 formed trimers in 

solution, with no indication of higher-order assembly. To enhance the self-assembling properties 

of B.3, we prepared the charged CRP (c1pClpGlY)4-ProArgGly-(ProProGlY)4-GluProGly-

ProProGly (B.4) because we believed electrostatic effects could enhance its ability to form a 

CTH with sticky ends. Although CD analysis showed triple-helical structure and a cooperative 

transition upon heating (Figure BA), AVC experiments on B.4 demonstrated trimer formation 

and no higher-order assembly (see Table B.l). 

We next returned to the preparation and analysis of27 amino acid CRPs such as B.1 and B.2. 

In an attempt to enhance the CTH stability slightly but still generate sticky-ended CTHs, we 
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Figure B.5 (A) Conformational analysis of B.5-B.7 by CD spectroscopy. (A) Spectra of 
peptide solutions (0.2 mM in I mM Mes buffer at pH 5.65) incubated at ::;4 °C for ~24 h. 
(B) Effect of temperature on the molar ellipticity at 226 nm. Data were recorded at intervals 
of 3-°C after equilibration for ~5 min. 

replaced the Yaa position Clp residue with a Flp residue. Synthesis of the CRPs (Glyc1pFlp )3-

(GlyProPro)6 (B.5) and (Glyc1pFlp)6-(ProProGlY)3 (B.6) could be accomplished by segment 

condensation of Fmoc-Glyc1pFlp-OH amino acid triplets. Unfortunately, both CRPs appeared to 

adopt single-strand, disordered structures by CD spectroscopy (Figure B.5) and AUC confirmed 

that B.6 was monomeric in solution. Likewise, the charged B.5 derivative (Glyc1pFlp )3-
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GlyProArg-(GlyProPro)4-GlyGluPro (B.7) was monomeric in solution by both CD spectroscopy 

(Figure B.5) and AUC. We also prepared the CRP (c1pHypGlY)3-(ProProGlY)6 (B.8) and 

analyzed its properties by CD spectroscopy. B.8 appears triple-helical by CD (Figure B.6), but 

has not yet been analyzed by AUC (see Table B.1). 

B.3 Future Directions 

An approach to sticky end-mediated self-assembly of long synthetic CTHs that does not rely 

on the covalent linking of individual strands would greatly enhance the usefulness of the 

approach. We have designed an approach with the potential to accomplish this feat (Figure B.3). 

In early efforts, we have resolved synthetic difficulties to obtaining the potential self-assembling 

peptides and screened a number of potentially useful CRPs. Unfortunately, self-assembly has not 

been observed to date, but further analysis of combinations of the triplets reported here 

(flpFlpGly, c1pClpGly, c1pFlpGly, and c1pHypGly) or others (flpClpGly or flpHypGly) could 

resolve this issue. We must simply manage to find the "sweet spot" where stable CTHs can form 

but blunt-ended CTHs are still unstable relative to sticky-ended CTHs. This discovery would 

enable our self-assembly approach. In ongoing efforts, we are continuing analyses of the two 

most promising CRPs reported herein, B.4 and B.8. 

B.4 Acknowledgements 
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B.5 Experimental 

B.5.1 Peptide Synthesis 

The CRPs B.1-B.8 were synthesized by condensation of Fmoc-ProProGly-OH, Fmoc-

clpClpGly-OH, Fmoc-GlyclpFlp-OH, or Fmoc-clpHypGly-OH amino acid trimers. Some 

ProProGly trimers were introduced using Fmoc-Pro-OH and Fmoc-(Hmb)Gly-OH to prevent 

aggregation during peptide synthesis. CRPs were synthesized on a 2-chlorotrityl resin using an 

Applied Biosystems Synergy 432A Peptide Synthesizer at the University of Wisconsin-Madison 

Biotechnology Center. The first ProProGly trimer was loaded onto the resin as described 

previously.20 Subsequent trimers were coupled using standard coupling conditions, as were the 

individual Fmoc-Pro-OH and Fmoc-(Hmb)Gly-OH amino acids. During peptide syntheses, 

Fmoc-deprotections were achieved by treatment with 20% (v/v) piperidine in DMF. The Fmoc-

tripeptides and Fmoc-amino acids (3 equivalents) were converted to active esters by treatment 

with HBTU, DIEA, and HOBt. Couplings were allowed to proceed for <30 min at rt. Peptides 

were cleaved from the resin in 38:1:1 TFA:H20:TIPS (3 mL) (except for Arg containing CRPs, 

which were cleaved in 37: 1:2 TFA:ethanedithiol:thioanisole), precipitated from tert-

butylmethylether at 0 DC, and isolated by centrifugation. Semi-preparative HPLC was used to 

purify the peptides at 60 DC (after preheating solutions to 70 DC to disassemble any oligomers). 

The peptides were >90% pure by analytical HPLC and MALDI-TOF mass spectrometry (m1z) 
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2715.7, found 2714.9 for B.2; C142H19SCIgN3S036Na 3331.2, found 3329.4 for B.3; 

2551.0, found 2550.3 for B.7; C\o8H152ChN27031Na 2454.0, found 2453.8 for B.8. 

B.S.2 Conformational Analyses by CD Spectroscopy 

CD spectra were recorded with an Aviv 202SF circular dichroism spectrometer in the UW-

BIF. For the analyses, peptide solutions in 1 mM Mes buffer (pH 5.65) that had been incubated 

at ::::4 °C for 248 h were used. CD spectra were recorded in l-nm increments with a 5-s averaging 

time, l-nm bandpass, and O.l-cm pathlength. The solutions were heated in 3-oC increments with 

a 25-min equilibration at each step. The ellipticity at 226 or 227 nm was monitored with a 5-s 

averaging time, l-nm bandpass, and O.l-cm pathlength. Values of Tm were determined by fitting 

the data to a two-state model. 197 

B.S.3 Sedimentation Equilibrium Experiments on Potential Self-Assembling Peptides 

The self-assembly of the CRPs B.I-B.4, B.6, and B.7 was evaluated by sedimentation 

equilibrium experiments performed with a Beckman XL-A analytical ultracentrifuge at the UW-

BIF. Promising peptides were analyzed at multiple concentrations in 1 mM Mes buffer (pH 5.65) 

Samples were preheated to 100°C, slowly cooled, and then equilibrated at ::::4 °C for 224 h. 

Equilibrium data were collected at multiple speeds at both 4 and 37°C. Gradients were 

monitored at ~230 nm. Partial specific volumes were calculated based on amino acid content 

with corrections applied for chlorine atoms. 198 Data at multiple speeds at each temperature were 

globally fit as either a monomer or trimer using programs written for IgorPro (Wavemetrics) by 



398 
Dr. Darrell R. McCaslin (UW-BIF). No evidence for assemblies larger than trimers was observed 

at any concentration using any method of solution preparation for any of the CRPs. 
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