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Abstract

This thesis describes a series of structural and spectroscopic studies conducted on a

number of antibacterial peptides. In Chapter 2, a sequence length dependence on 3~  

sheet formation in small cyclic peptides (gramicidin S analogs) is described. 'H -

NMR and CD data reveal, that small cyclic peptides will form P-sheets if, and only 

if, they contain the following features: 2(2n+l) residues [where (n= 1, 2, 3...)], two

equally spaced type II’ |3-turns (or type I’ P-tums) and proper placement of turn 

and sheet forming residues. In Chapter 3, the synthesis and characterization of D - 

Leucocin A is described. This represents the first synthesis of an all-D-amino acid 

class Ha bacteriocin. We show that the unnatural D-enantiomer of Leucocin A is 

devoid of activity. This result strongly suggests a chiral recognition step is 

necessary to Leucocin A’s mechanism of antibacterial action. Chapter 4 details, by 

way of ‘H-NMR spectroscopy and molecular dynamics, the structural determinants

of type II’ 3 - turn formation. The gramicidin S model is used to determine the 

effects of: a) backbone chirality, b) backbone N-alkylation and c) side-chain/side-

chain interaction, on 3-hairpin and type II’ {3-turn formation. It is shown, that 

proper backbone chirality may account for up to 60%, N-alkylation for up to 20%

and proper side-chain/side-chain interactions for up to 10% of type II’ 3 - turn

stabilization. In Chapter 5, the folding and unfolding kinetics of small cyclic 3~  

hairpins (gramicidin S analogs) is described. These studies were performed by 

temperature-jump IR, and the results correlated to all-atom molecular dynamics 

simulations in an attempt to gain detailed structural and dynamic insight ruo the
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unfolding events of P-sheets.
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C hapter 1

Introduction

The antibiotic era began in 1941 with the first clinical use of penicillin by 

Howard Florey (Chain et al., 1940). Florey’s therapeutic application of penicillin 

was heralded as a modem medical miracle and provided reassurance that devastating 

pandemics like the bubonic plague would never happen again. The advent of the 

antibiotic era produced an explosion of new antibacterial compounds; streptomycin 

(Schatz et al., 1943), chloramphenicol (Bartz, 1948; Ehrlich, et al., 1948), 

chlortetracyclin (Duggan, 1948), erythromycin (McGuire et al., 1952), and by 1965 

over 25,000 antibacterial compounds had been identified. However, shortly after 

penicillin’s introduction, resistant bacteria began to emerge. In 1950, penicillin 

displayed 100% bacteriocidal efficacy on Staphylococcus aureus and 35 years later 

it was effective against less than 5%. By 1992, the only effective antibiotic for 40% 

of Staphylococcus aureus strains was vancomycin. Then, in 1997 the first case of 

Staphylococcus aureus resistance to vancomycin was reported.

It is currently believed that antibiotic resistance may eventually lead to the 

end of the so called antibiotic era and usher in a more threatening post-antibiotic 

era for the twenty-first century. The emerging threat of bacterial resistance to 

conventional antibiotics has renewed interest in the discovery of novel antibacterial 

compounds, a field which has been somewhat complacent over the last 2 0  years. 

One class of antibacterial compounds which has seen recent interest are antibacterial

1
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peptides (Hancock, 1997; Hancock and Chappie, 1999; Hwang and Vogel, 1998). 

Although antibacterial peptides have been known and used topically (gramicidin S 

and polymyxins) for quite some time, most of them exhibit undesirable properties 

making them relatively poor therapeutic agents. Many of these undesirable 

properties are inherently related to the stability and three-dimensional structure of 

the peptide.

In this thesis I will explore the relationship between structure, stability and 

activity for two different classes of antibacterial peptides 1) gramicidin S 

(Schwyzer, 1958) and 2) leucocin A (Hastings et al., 1991). Gramicidin S is a

small, cyclic peptide that adopts a well-defined antiparallel (i-sheet structure while

leucocin A is a longer, linear peptide that prefers an a-helical structure. Both 

peptides have demonstrated therapeutic potential. Please see Figures 1.1 and 1.2 for 

structural information concerning these two peptides.

In characterizing the structure/function relationships of these peptides it was 

necessary to employ solid phase peptide synthesis to prepare a large number of 

chemically and structurally unique analogs. These analogs were then characterized 

using a variety of spectroscopic and computational techniques such as NMR 

spectroscopy, CD spectroscopy, IR spectroscopy and molecular dynamics. Through 

this kind of detailed structural and dynamic analysis it has been possible to gain 

important insights into general aspects of protein folding as well as the chemical and 

structural parameters that control the activity of these antibacterial peptides. These

2
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results are presented and discussed in more detail in Chapters 2 - 5 .

The remainder of this introductory chapter is concerned with providing the 

reader with some basic background concerning antibacterial peptides. Brief, 

introductory discussions on a number of key techniques that were critical to the 

success of this research project (solid phase peptide synthesis, NMR spectroscopy 

and molecular dynamics) are also provided.

1.1 Antibacterial Peptides

Antibacterial peptides are ubiquitous in nature and are thought to play an 

important role in the innate first-line-of-defense against infectious bacteria 

(Boman, 1995). Antibacterial peptides are produced by nearly every living 

organism, including: mammals, amphibians, insects, spiders, fish, plants, 

invertebrates and bacteria (Tossi et al., 2000). Table 1.1 contains a representative 

list of antibacterial peptides found in nature. From this table one can see there is 

considerable diversity in: amino acid composition, biosynthesis, mechanism of 

action, and three-dimensional structure.

Amino acid composition. There is considerable variability in antibacterial peptide 

composition. Indeed, close inspection of Table 1.1 demonstrates that these peptides 

include a wide variety of coded, non-coded and post-translationally modified 

amino acids. Certain peptides have abnormally high numbers of tryptophan 

[gramicidin A, indolicidin (Rosek et al., 2000)], proline [pyrrhocoricin (Kragol et

3
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al., 2001)], a-amino isobutyric acid (AIB) [alamethicin (Sansom, 1991)], or 

histidine [histatin (Grogan et al., 2001)] residues. Many peptides also have high 

concentrations of arginine and lysine, making them quite cationic. Frequently, the 

cationic peptides have alternating arrangement of hydrophobic and charged residues 

which imparts an amphipathic (usually helical) structure. There are also examples 

of antibacterial peptides containing amino acids that are unnatural D enantiomers 

(gramicidin S), whereas other amino acids are functionalized by lipids [daptomycin 

(Carrier et al., 1998)] or carbohydrates (pyrrhocoricin).

Biosynthesis. The biosynthesis of antibacterial peptides is accomplished either via 

direct translation by the ribosome (Demain and Fang, 2000) or through template- 

directed synthesis by multi-domain peptide synthases (Marahiel, et al. 1997). Many 

ribosomally synthesized antibacterial peptides require post-translational 

modifications in order to become active or mature. Some of the more important 

post-translational modifications known to occur on antibacterial peptides (Andreu 

and Rivas, 1998) include: halogenation, disulphide formation, phosphorylation, O- 

glycosylation, hydroxy lation, methylation, C-terminal amidation, carbon

epimerization and proteolytic cleavage.

Leucocin A is synthesized as a 61 residue protein via standard ribosomal 

synthesis (Hastings et al., 1991). Following synthesis, Leucocin A undergoes post- 

translational cleavage to yield a mature 37 residue peptide. In contrast, gramicidin S 

is synthesized non-ribosomally by a two-subunit multimodular enzyme, gramicidin 

S synthetase 1 (GS1) and 2 (GS2), by way of the thio-template mechanism (von

4
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Dohren et al., 1997; Luo and Walsh, 2001). The synthesis of one GS molecule is 

accomplished in 16 individual reactions in a concerted effort by both subunits (see 

Figure 1.3). GS1 activates and epimerizes phenylalanine, then transfers the 

resulting D-Phe to a condensing domain on GS2. GS2 subsequently activates 

proline, valine, ornithine and leucine and catalyzes elongation reactions to produce 

the pentapeptide, D-Phe-Pro-Val-Om-Leu. After two pentapeptide intermediates 

are synthesized GS2 then cyclizes them in a head-to-tail fashion by an 

undetermined mechanism (von Dohren et al., 1997). Elongation/condensation and 

epimerization are initiated through the formation of a thioester intermediate (thio- 

template mechanism). The thioester intermediate is formed from thioesterification 

of an aminoacyl-AMP by a 4’-phosphopantetheine cofactor, a reaction catalyzed by 

a so-called aminoacyl carrier protein (domain). Incidentally, the aminoacyl carrier 

proteins of peptide synthases are thought to be structurally similar to the acyl carrier 

proteins of polyketide synthases (Dieckmann and von Dohren, 1997).

Mechanisms of Action. Antibacterial peptides exert their bacteriocidal activity 

through various mechanisms of action. A schematic diagram illustrating possible 

modes of action for antibacterial peptides is shown in Figure 1.4. A small number 

of peptides act by inhibiting/disrupting cell-wall synthesis. Glycopeptides (eg. 

vancomycin) inhibit the binding of the host transpeptidase to D-alanyl-D-alanine. 

This inhibits crosslink formation, thereby greatly weakening the cell wall (Walsh, 

1999). Bacitracin, on the other hand, inhibits cell wall synthesis by inhibiting the 

dephosphorylation of the pyrophosphate form of the C55 isoprenyl carrier lipid, an 

integral molecule in cell wall synthesis (Epperson and Ming, 2000). It is well

5
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established, however, that the majority of antibacterial peptides actually act on the 

lipid membrane. Because our understanding of lipid-peptide interactions is still 

quite primitive, the details of how peptides disrupt the lipid bilayer are still not 

known. It is understood that positively (cationic) charged peptides have a high 

affinity towards bacterial cell membranes. Cationic peptides typically displace 

membrane stabilizing cations attached to the lipopolysaccharide (LPS) layer of 

gram-negative bacteria (Eppand and Vogel, 1999). On the other hand, cationic 

peptides are thought to interact with negatively charged teichoic acid on gram- 

positive bacteria. After their initial membrane contact, some peptides are known to 

aggregate and disrupt the membrane via one of two possible models (Huang, 2000; 

Oren and Shai, 1998): 1) the barrel-stave model or 2) the carpet model. The carpet 

model proposes that binding of a critical concentration of peptide to the surface 

membrane leaflet causes a large scale breakdown of the plasma membrane. 

Alternatively, the barrel-stave model suggests peptides aggregate (resembling staves 

of a barrel) and form pores that extend through the membrane. All membrane 

disruption models suggest that the bacteriocidal activity arises from upsetting the

protonmotive force (Ap) or electrochemical gradient, osmotic gradients and/or 

cytoplasmic pools of small organic molecules.

Membrane active peptides may also act in other less membrane obtrusive (or 

invasive) ways. It has been hypothesized that some peptides may, after binding to 

the outer membrane, flip inward. In doing so, these peptides carry lipids with them 

(Matsuzaki et al., 1997; 1998). Dr. Bob Hancock (University of British Columbia)

6
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has recently reported that no clear correlation could be found between peptide 

concentrations leading to complete membrane permeabilization and their minimal 

inhibitory concentration (MIC), no matter what type of peptide structural class (Wu 

et al., 1999). This result suggests that bacteriocidal activity of certain membrane 

active peptides may lie in their ability to pass across the membrane and subsequendy 

affect cytoplasmic targets. Regardless of how antibacterial peptides may enter the 

cell, there are many targets in the cytoplasm they could exert their influence upon. 

One example is a class of peptides called the streptogramins, which act on the 50S 

ribosomal subunit. A-type streptogramins bind the peptidyl transferase domain thus 

inhibiting translation whereas B-type streptogramins inhibit the formation of the 

50S ribosomal subunit itself.

Synergy between two or more peptides to impart bacteriocidal activity 

appears to be an important aspect for a number of antibacterial peptides (Zhang et 

al., 1999). Interestingly, the streptogramins are bacteriostatic (i.e. orders of 

magnitude less active) by themselves and bacteriocidal when acting together. 

Synergistic action is quite common amongst many classes of antibacterial peptides. 

Bacteriocins, for example, have a sub-class (lib) dedicated for synergistic peptides 

produced by lactic acid bacteria (LAB).

Structure. As shown in Table 1.1, there are many different types of structural 

motifs found in antibacterial peptides. The structures listed in Table 1.1 correspond 

primarily to the structures for the biologically active forms. Some of the peptides 

are unstructured until they interact with a membrane, a protein receptor or with each

7
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other (Hancock and Chappie, 1999). Interestingly, different structures can affect 

similar targets while, similar structures can influence different targets. Inspection of 

Table 1.1 reveals that secondary and tertiary structures found in antibacterial

peptides are composed of elements ranging from common a-helices and ^-sheet’s 

to relatively rare cystine-knot’s and chealated-metal complexes. Figure 1.5 

illustrates a few of the structural classes found in antibacterial peptides. Two

structural types of antibacterial peptides examined in this thesis are a-helical

peptides (class Ila bacteriocins) and (3-sheet peptides (gramicidin S analogs).

While cyclic non-helical (gramicidin S and polymyxins) peptides were the 

first antibacterial peptides to be identified and characterized, the most extensively 

studied antibacterial peptides are the helical peptides. The majority of these helical, 

antibacterial peptides are cationic and amphipathic (Table 1.1). Interestingly, 

although many membrane active peptides contain cationic amphipathic helices, the 

lack of inter-species sequence homology has been suggested as being evidence of 

convergent evolution within this structural class (Hancock and Chappie, 1999).

Exhaustive SAR studies have indicated that up to seven different physical 

characteristics may influence the potency and spectrum of activity of a-helical 

antibacterial peptides. These include size, sequence, percent helix content, net 

charge, hydrophobicity, amphipathicity and size of the hydrophilic and hydrophobic 

faces (Tossi, et al., 2000). It is believed that the size of the hydrophilic/hydrophobic 

face relates to the method of peptide-membrane interaction (Dathe and Wieprecht,

8
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1999). In particular, it has been shown that peptides with a small hydrophilic angle 

and large overall hydrophobic content will aggregate and form pores. In contrast, 

peptides with equal amounts of hydrophilic/hydrophobic content will orient parallel 

to the membrane surface (Brasseur et al., 1997).

Although most helical antibacterial peptides contain cationic amino acids, 

there are also other types of helical antibacterial peptides. The AIB rich peptide 

called trichogin, is composed of a 3io-helix (Epand et al., 2001). As shown in 

Figure 1.5, the 3io-helix is longer than other helices composed of the same number 

of amino acids. Therefore peptides with 3io-helices need fewer residues to traverse 

lipid membranes. Gramicidin A, a pentadecapeptide composed of alternating L and

D amino acids, forms a right handed (3-helix -  a sort of helical parallel (3-strand 

(Ketchem et al., 1996). When two gramicidin A molecules are oriented with their N 

termini touching each other in a lipid membrane, a pore is formed. The 

proline/tryptophan rich peptide indolicidin is known to form type II poly-L-proline

helices with some evidence of (3-turn elements as well (Rozek et al., 2000). Another 

rare class of helical antibacterial peptide is the proline and arginine rich molecule 

bactenecin, which has been shown to adopt a Y-helix (Niidome et al., 1998).

Incidentally, the y-helix has similar backbone torsion angles to the type II poly-L- 

proline helix.

Less common among membrane active peptides is the (3-sheet or (3-hairpin 

structure. Most antibacterial peptides that adopt antiparallel (3-sheet structures are

9
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cyclic. There are actually two primary forms of cyclization; backbone cyclization 

(homodetic) as in the case of gramicidin S and related tyrocidines; and side-chain 

cyclization (heterodetic) as in lactoferricin, protegrins and defensins. Peptide

cyclization may assist in {3-haripin formation because the loss in entropy that small

peptides encounter during {3-hairpin formation is not well compensated for by 

hydrogen bonding or non-covalent interactions (Epand and Vogel, 1999).

Often, local structure is quite important in defining antibacterial peptide 

function. Local structure may be defined as the effect certain residues have on 

structure and/or function. Local structure is important for both buforin II (Park et 

al., 2000; Kobayashi et al., 2000) and melittin (Sansom and Weinstein, 2000) 

activity. The evidence gathered to date suggests these peptides require a ’proline 

hinge’ for proper activity. Usually proline acts as a helix breaker. However, in the 

case of buforin II and melittin, proline only slightly kinks the helix. In buforin II, 

the substitution of proline to leucine renders the peptide unable to pass through the 

plasma membrane, hence the kink or hinge mediates the peptides passage through 

the membrane. Tryptophan residues have also been shown to play an important role

in antibacterial peptide function. In gramicidin A, the ^-helices are anchored in the 

membrane via many tryptophan residues, as shown by its solid state NMR structure, 

1MAG (Ketchem et al., 1996). Tryptophan has also been implicated in modulating 

the activities of cecropin A (Andreu et al., 1983) and the porcine myeloid peptide 

PMAP-23 (Kang et al., 1999). Interestingly, PMAP-23 requires a C-terminal 

tryptophan for activity as do many non-related bacteriocins. Another example of

10
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local structural effects is shown in chapter 4 of this thesis where we investigated the

influence of (3-turns on gramicidin S analogs. A favorable electrostatic interaction 

between aromatic rings and proline (or proline like) side-chains were shown to

stabilize type II’ (3-turns. This type of local interaction was also found in type IVa

(3-tums (Nardi et al., 1997; 2000; Demchuk et al., 1997).

Gramicidin S (GS). In their desperate search for agents to cure war time 

infections, two Russian scientists discovered a cyclic decapeptide that they named 

gramicidin S (Gause and Brashnikova, 1944). First isolated in the Soviet Union 

(hence the S in gramicidin S) from Bacillus brevis, gramicidin S has been used as a 

topical antibiotic since its discovery in 1944. It was not until 1957 that preliminary 

X-ray data gave insights into its unique three-dimensional structure (Schmidt et al., 

1957). Over the next 20 years numerous theoretical, NMR, IR and UV/CD studies 

revealed more and more about GS’s three-dimensional conformation (Vanderkooi 

et al., 1966; Balasubramanian, 1967; Ohnishi and Urry, 1969). However, it was not 

until 1978 that Hull and coworkers were finally able to solve the crystal structure of 

GS (Hull et al., 1978). This structure revealed a slightly twisted, amphipathic, anti

parallel (3-sheet structure enclosed by two evenly spaced type II ’ (3-turns (Figure 

1. 1).

Following the three-dimensional characterization of GS, numerous SAR 

studies ensued (Kato et al., 1970; Tamaki et al., 1995; Kondejewski et al., 1996; 

1999). In this thesis I will describe three additional studies where the structure and
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dynamics of GS have been explored at new levels of detail. In chapter 2, we 

characterize the peptide-length dependence on (3-hairpin formation within cyclic 

peptides. In chapter 4, we investigate the role of (3-turns (more specifically type IT

(3-turns) on (3-hairpin formation and stability in cyclic peptides. These results may 

have important implications for the de novo design of peptides and peptidyl 

mimetics. Chapter 5 examines (3-hairpin stability as defined by the kinetics of 

peptide unfolding-refolding via T-jump IR and molecular dynamics studies.

BacteriocJns. Bacteriocins have been described as compounds that are 

proteinaceous in nature, produced by bacteria and bacteriocidal to closely related 

bacteria (Jack et al., 1995; van Belkum and Stiles, 2000). The first account of a 

bacteriocin was reported by Louis Pasteur in 1877 (Pasteur and Joubert, 1877). 

Pasteur and his colleague, Joubert, noticed an antagonistic interaction between 

bacteria. The first specific identification of a bacteriocin was made in 1925, with 

the discovery of colicin V (Gratia, 1925) and soon after, the discovery of nisin 

(Rogers, 1928) in 1928. Since that time, large numbers of bacteriocins have been 

discovered from a variety of bacteria, both gram-negative and gram-positive 

strains. Klaenhammer has recently proposed four classes of lactic acid bacteriocins 

(Klaenhammer, 1993), see Table 1.2.

In chapter 3, we describe the investigation of a class Ha bacteriocin (Ennahar 

et al., 2000; Nes and Holo, 2000) produced from gram-positive LAB -  called 

Leucocin A (LeuA). Although most class Ha bacteriocins contain cationic,
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amphipathic a-helices, other structural elements may be present as well. Such is

the case for LeuA. In addition to having an a-helix, LeuA contains a small, N-

terminal, antiparallel fi-sheet. To help elucidate the possible roles of these 

structural elements and LeuA’s mechanism of action, its enantiomer was synthesized 

and tested for activity. Interestingly, our results suggest that LeuA acts through a 

receptor or synergistic protein-protein interaction -  and not through a classical 

membrane disruptive mechanism, as opposed to literature reports (Wade, et al., 

1990; Maloy and Kari, 1995).

1.2 Peptide Synthesis

Basic Principles of Solid Phase Peptide Synthesis (SPPS). Peptide synthesis via 

the solid phase approach is the most efficient and commonly used technique for the 

chemical synthesis of peptides and proteins. Since the invention of SPPS by Bruce 

Merrifield in the 1960’s, advances in chemistry have led to the synthesis of peptides 

and peptoids of impressive sizes and complexity (Merrifield, 1963; 1965; 1997). 

There are two main chemistries employed in SPPS. Each is named after then-

respective a-amino protecting groups, t-butyloxycarbonyl (tBoc) (Erickson and 

Merrifield, 1976) and 9-fluorenylmethoxycarbonyl (Fmoc) (Chang and Meienhofer, 

1978). The difference between the two strategies lies in the acid/base-lability of

their respective a-amino and side-chain (orthogonal) protecting groups.

SPPS involves the step-wise linking of individual amino acids, in a C- to
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N-terminal direction, to create a peptide. The C-terminal amino acid is initially 

attached to a solid support matrix. The matrix is an insoluble polymer that has 

accessible reactive handles, such as nucleophilic -OH groups. During the step-wise 

synthesis, all soluble/excess reagents and free protecting groups can be removed 

from the solid support by solvent washing. After the desired sequence of amino 

acids has been assembled, the peptide is then cleaved from the solid support with 

concurrent orthogonal deprotection. The resulting peptide is usually purified to 

homogeneity via reversed phase high performance liquid chromatography (HPLC). 

The scheme for SPPS is shown in Figure 1.6.

For simplicity, the synthetic scheme can be broken down into three steps that are 

repeated until the desired peptide is synthesized.

1. Deprotection: The a-amine (of the growing peptide chain) is deprotected 

via acid or base catalysis. Common conditions are: 30% piperdine in 

N,N’-dimethylformamide (DMF) or 50% triflouroacetic acid (TFA) in 

dichloromethane (DCM) [for Fmoc and tBoc chemistries respectively].

2. Activation: Convergent to amine deprotection (Step 1), is the activation of 

a protected amino acid. Commonly used reagents are tetra-methyluronium 

salts (see Figure 1.7), 0-benzotriazole-N,N,N\N’-tetramethyluronium 

hexafluorophosphate (HBTU) and 0-7-azabenzotriazol-l-yl-N,N,N’,N’-  

tetramethyluronium hexafluorophosphate (HATU). In the presence of a 

catalytic amount of N-methylmorpholine (NMM) these compounds
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activate by forming (in situ) the HOBt or HOAt esters, thereby rendering 

the carbonyl carbon more electrophilic.

3. Coupling: The activated amino acid is allowed to react with the

deprotected, solid—support attached, amino acid. A nucleophilic 

substitution, via the free amine, at the carbonyl carbon takes place, thus 

extending the peptide chain in a C - to N-terminal direction.

Initial amino acid attachment to the solid support is similar to the Coupling step 

(Step 3), however, dicyclohexylcarbodiimide (DCC) is commonly used as the 

coupling agent. Cleavage of the peptide from the solid support is accomplished via 

acid hydrolysis. Typically, hydrogen flouride (HF) or TFA are used for t-Boc and 

Fmoc resins respectively. Often cleavage conditions contain reducing agents 

(thioanisole, dithiothreitol, etc.) and cation scavengers (anisole, water, etc.) to 

minimize side reactions. It is important to mention, as with many chemistries, SPPS 

reaction conditions often need to be modified and optimized to maximize yield.

1.3 NMR Spectroscopy

Basic Principles of NMR. Since its discovery in 1945, NMR spectroscopy has 

become one of the most powerful techniques for biomolecular structure 

determination and analysis (Wuthrich, 1986). Developments resulting in two Nobel 

Prizes (F. Bloch and E.M. Purcell in 1952 and R.R. Ernst in 1991) along with recent 

advances in multidimensional pulse sequences, have made possible the structure
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elucidation of large molecules such as peptides and proteins (Gardner and Kay, 

1998).

NMR spectroscopy uses a nuclear magnetic property, called spin (I). When 

nuclei with 1=1/2 are placed in an external magnetic Held they adopt two (21+1) 

possible orientations, parallel or antiparallel, see Figure 1.8. The different

orientations correspond to different energy levels (AE) which are directly 

proportional to the strength of the external magnetic field (Bn).

[1.1] AE = yhRJln

Where h is Planck’s constant (6.6262 x 10'34 J s) and y is the gyromagnetic ratio (1/s 

T).

A nucleus in an external magnetic field can move between higher or lower 

energy levels, with concomitant absorption or emission of energy, at its Larmor

frequency. The Larmor frequency (co0) is defined as the nuclei’s characteristic rate 

of precession in an external magnetic field. Larmor frequency is dependent on the 

strength of the magnetic field (B0) and intrinsic properties of the nucleus defined in

its gyromagnetic ratio y. The Larmor frequency is given by:

[1.2] CDo = -yBo

The nuclei create a net magnetization (M) while in an external magnetic field 

due to unbalanced populations of spin-defined energy levels. The population ratio 

of the energy levels can be expressed by the Boltzmann equation:

[1.3] N(3/Nct = exp(-AE/kT)

Where N(3 and Not are the population of the upper and lower energy states
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respectively.

Molecular information can be measured if the net magnetization (M) of a 

sample is perturbed (Derome, 1987). By applying a magnetic pulse (BO in the form 

of a radioffequency pulse perpendicular to the external magnetic field (B0), a 

magnetic precession of the nuclei occurs. Because the precession eventually returns 

to equilibrium, it can be detected and recorded by metal coils in the XY plane. The 

precession is recorded in the form of a oscillating current and is subsequently 

converted to an electronic signal called a free-induction decay (FID). Finally, a 

Fourier transformation is applied to the FID (time domain) in order to convert it to 

the familiar NMR spectrum (frequency domain). See Figure 1.9 for a more detailed 

picture of the process.

Chemical shifts. Electron density shields the nucleus from the applied magnetic 

field, thus the magnetic field at the nucleus is not equal to the applied magnetic 

field. This is described by the following equation:

[1.4] B = Bo ( l-o )

Where a  is the shielding constant, B„ is the applied magnetic field and B is the net 

magnetization.

An increase in electron density around a nucleus corresponds to an increase

in shielding a, hence a stronger magnetic field is needed to bring the nucleus into 

resonance. The electron density surrounding a nucleus is influenced by the
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proximity of: n  electron systems (including carbonyl groups and aromatic rings),

solvent, metal ions, etc. Simply stated, chemical shifts (8) are defined as the 

difference between the frequency (Hz) at which a nucleus absorbs, relative to the 

absorption frequency of a nucleus of a given chemical shift standard such as 2,2’— 

dimethyl-2-silapentane—5-sulfonate (DSS). Chemical shifts are reported in parts 

per million (ppm) and are calculated using the following equation:

[1.5] S(ppm) = Shift from standard (Hz) x 10*
Spectrometer frequency (Hz)

Coupling constants. Nuclei are also influenced by the spins of nuclei, less than or 

equal to, three bonds away. This is known as through-bond spin-spin coupling (J) 

and manifests itself in the NMR spectrum as resonance-peak splitting. The 

magnitude of this resonance splitting contains torsion angle information between 

the two coupling nuclei. Martin Karplus of Harvard University, has derived the 

following equation (Karplus, 1959):

[1.6] 3J«b = A cos2 (0) + B cos (0) + C

Where 3J is the coupling constant through three bonds and A, B, and C are 

empirically derived constants for each type of coupling constant

Figure 1.10, provides a graphical representation of a typical Karplus equation 

for protein 3J h n h a  coupling constants. The sinusoidal nature of the curve illustrates 

how multiple dihedral values correlate to one coupling constant value.
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Nuclear Overhauser Effect (NOE). An important phenomenon that indirectly 

yields nuclei-to-nuclei distance information by way of NMR, is the nuclear 

Overhauser effect The nuclear Overhauser effect was discovered by Albert 

Overhauser and was first confirmed experimentally in 19S3 (Carver and Slichter, 

1953). The effect can be observed if the saturation of one nucleus (promotion to the 

high spin state) results in energy transfer to a neighboring nucleus (less than 5 A 

apart), with the net effect being an enhancement of the NMR signal of the 

neighboring nucleus.

Structure related NMR data. To use NMR to generate realistic three-dimensional 

solution structures of peptides, it is necessary to collect a variety of different types 

of spectral data. The more information obtained, the more accurate the resulting 

structures will be. In this thesis homo-nuclear chemical shifts, NOE data, coupling 

constants, amide temperature coefficients and chemical shift anisotropies were used 

to help solve the structures of many of the peptides discussed herein.

To acquire this information, all proton resonances must be assigned to 

specific amino acid protons. This is accomplished through the use of two types of 

NMR experiments: through-bond correlation experiments and through-space 

correlation experiments. The homonuclear experiments, COSY (Marion and 

Wuthrich, 1983) and TOCSY (Bax and Davis, 1985) (see Figure 1.11 for an 

example TOCSY spectrum) are commonly used for through-bond proton 

correlation, whereas NOESY (Jeener et al., 1979) and ROESY (Bothner-By et al., 

1984) are most common for through-space correlations. The total resonance
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assignment can be broken down in to two steps: (1) individual spin system 

assignment via through-bond connectivities, and (2) sequential residue assignment 

via through-space connectivities. Following this resonance assignment step, one 

can collect coupling constant and amide temperature coefficient data through 1-D, 

TOCSY and/or COSY experiments.

Chemical shifts, coupling constants, NOE’s and temperature coefficients all 

yield important information on local and global (secondary and tertiary) structure of 

peptides and proteins. Chemical shifts are particularly sensitive measures of peptide 

structure. The Chemical Shift Index (CSI) is a simple method for identifying 

polypeptide structure through chemical shift analysis (Wishart et al., 1992). In

particular, a  protons shifted down-field, relative to random coil values, are known

to exist in P-sheet backbone conformations where as protons shifted up-field,

relative to random coil values, exist in a-helical regions. NOE data, in addition to 

its important role in sequential assignment, also yields secondary and tertiary 

structural information as well. Since the magnitude of the NOE is proportional to 

1/r6 (where r is the distance between coupling nuclei), specific NOE patterns are 

commonly observed for different secondary structural elements. For example,

strong NOE’s between dNN(i,i+l) and dop(i,i+3) are characteristic for residues in a -

helical regions and do^ij+l) NOE’s suggest residues in P-sheet conformations, see 

Figure 1.12. Coupling constants also give information on torsion angles. In 

particular 3Jhnh<x measurements yield peptide backbone phi ( 0 )  dihedral data (see 

Figure 1.13). The value of 3J h n h o  directly relates to secondary structure, for
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example:

3Jhnh< x=  3.9 Hz correspond to a-helices with phi (<J>) angles of — 60°

3J h n h o =  9.0 Hz correspond to ^-sheets with phi (0) angles of — 140° 

Chemical shifts, coupling constants, NOE’s and other NMR accessible data may be 

used to generate polypeptide structures via molecular mechanics in the form of 

restraints.

1.4 Molecular Mechanics and Dynamics

Basic Principles of Molecular Mechanics. Molecular mechanics is a 

computational technique used to simulate molecular structure and dynamics 

(Burkert and Allinger, 1982; Boyd and Lipkowitz, 1982). Classical Newtonian 

mechanics is used to approximate the molecular system of interest In essence the 

molecule may be simply described as a network of balls with point charges, 

connected by springs. More specifically, an empirical energy funtion is used to 

approximate the potential energy of a molecular system as a function of geometric 

variables (Bowen and Allinger, 1991). Unlike quantum mechanics, electrons are not 

considered explicitly and the molecular system is described as a collection of atoms 

that interact with one another by simple analytical functions that are based on 

equations of classical mechanics. A group of analytical functions (terms) make up 

the potential energy function (PEF) or force field (Dinur and Hagler, 1991). The 

PEF describes the energy of the system for any conformation and configuration of 

atomic coordinates. A typical empirical PEF takes the form:

[1.7] V(R) = V*w„rfR) + V„^«,^(R)
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Where V(R) is the potential energy function, that calculates the potential energy for 

any molecular conformation, as defined by the cartesian coordinate vector R. The 

bonded terms are covalent interactions and reflect energy contributions from: bond 

stretching, bond angle bending, improper angle twisting (chirality) and dihedral 

angle twisting. Nonbonded terms are non-covalent interactions and reflect 

interactions between two nuclei not mediated by bonds: coulombic or Lennard- 

Jones (vdW) interactions. More specifically,

V*onrf,rf(R) = torts K| (1—l*q}2 +
•iV<M K e  { 9 “ 0«q}2 +

K^CO—CD0}2 +
M i n is  Kj/2 {l+cos[n(p-Yo]> +

=nanhindti { Ey[(Au/l\j)12 -  2(Bjj/r(j)<],rfH +
qiQ/ErEoIijcrajMite }

The first bonded sum is over bonds between atom pairs where Ki is a force constant,

1 is the bond length and 1«, is the equilibrium bond length. The second bonded sum

is over bond angles defined by three atoms, where Ke is a force constant, 0 is the

angle and 0«, is the equilibrium angle. The third and fourth bonded sums are

defined by four atoms, and are force constants, co is the improper angle, co0 is

the phase, n is the multiplicity, <p is the dihedral angle and y0 is the phase. For the 

nonbonded terms, the sums are over atoms i and j. The Lennard-Jones potential 

describes van der Waals interactions with a so-called 6-12 potential. The 6-12 

potential is used to describe the attractive (6) and repulsive (12) forces, where Ay

and B y  are the Lennard-Jones diameters, £y is the dispersion well depth and r is the 

nonbonded distance. Electrostatic interactions are described by coulombic
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interations, where qi and qj are atomic charges, 8r is the relative dielectric coefficient

of the medium between the charges, £„ is the permittivity of free space and ry is the 

nonbonded distance between two atoms.

A graphical view of the terms in equation 1.7 is shown in Figure 1.14. The 

figure illustrates how harmonic functions describe the bond and angle bonded terms, 

and how cosine functions describe improper dihedrals and torsions (dihedrals) 

(Steinbach, 1999). For a complete system like a polypeptide the function may have 

many hundreds of bonded and non-bonded terms each with associated parameters 

and numerical constants. The parameters, the constants and the function itself all 

require extensive optimization. Simulation and parameter modification iterations 

are performed to improve agreement between ab initio calculations and 

experimental (usually spectroscopic) data.

Restrained molecular dynamics. Restrained molecular dynamics is the most 

common technique for macromolecular structure generation and refinement. In 

restrained MD, initial velocities are assigned to all atoms in the system and then 

Newton’s laws (in the form of a PEF) are invoked to propagate the system through 

time. The resulting molecular motions have very strict limitations imposed by 

restraint terms derived from experimental data (chemical shifts, NOE’s, coupling 

constants, amide temperature coefficients, etc.). Most peptide structures described 

in this thesis were generated using the CHARMM PEF (Brooks et al., 1983) with 

simulated annealing (Nilges, 1988) or quenched MD, as implemented in X-PLOR
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(Brunger, 1992). Annealing is a process that involves initial heating of a system 

followed by slow cooling. A simulated annealing run starts with an increase in the 

system temperature (10,000 K) that enables the system to surmount energetic 

barriers in the search for conformations with minimum energies. Following the 

initial heating stage, cooling (annealing) of the system enables the extraction of 

various low energy structures for subsequent minimization (local minima). The 

heating/annealing is repeated until no new energy minima are found and the 

resulting structures do not violate the experimentally determined restraints. Usually, 

an ensemble of at least 20 structures are calculated to fully sample the allowed 

conformational space.

Unrestrained molecular dynamics. Structure determination is an important step to 

help define biological function. However, peptide function is not determined by 

structure alone. Indeed most biological activities depend on molecular motions to 

activate or initiate a chemical process. Unrestrained MD is an common method to 

investigate the motion and time dependent properties of molecular systems. 

Properties such as: diffusion constants, viscosities, thermodynamic stabilities etc., 

can be investigated providing a sufficiently long simulation (trajectory) is 

calculated. Unrestrained MD usually begins where experimental structure 

determination leaves off, if not during the structure refinement process itself. The 

primary differences between unrestrained MD and restrained MD is the absence of 

experimental (spectroscopic) restraints and a greater emphasis on coloumbic 

interactions in the form of solvent models (implicit or explicit) in unrestrained MD 

calculations.
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The unrestrained MD trajectories calculated in this thesis use the 

GROMACS PEF, as implemented in GROMACS (Berendsen, et al. 1995). This 

PEF is a derivative of the more common GROMOS force field (Berendsen and van 

Gunsteren, 1987). In GROMACS, the molecular dynamics algorithm used is known 

as the Leap Frog algorithm. This method derives its name from the way in which 

atomic positions and velocities are calculated in an alternating sequence, 

continuously leaping past each other until the simulation is complete. Solvent was 

simulated using SPC explicit water (Berendsen, et al. 1981) along with the SETTLE 

algorithm (Miyamoto and Kollman, 1992) to constrain water bond lengths and 

angles.

1.5 Objectives

This thesis follows a paper-based format. Chapter 1 provides some basic 

background information on antibacterial peptides as well as various peptide 

synthetic and spectroscopic techniques not fully covered in later chapters. Chapter 2 

(published in Nature Structural Biology -  Gibbs et al., 1998) describes the synthesis 

and NMR-based characterization of a series of progressively longer analogs of 

gramicidin S. Chapter 3 (published in the Journal of Medicinal Chemistry -  Yan et 

al., 2000) describes the synthesis and spectral/functional characterization of an 

enantiomeric (all D-amino acid) form of leucocin A. Chapter 4 (manuscript 

submitted to the Journal of the American Chemical Society -  Gibbs et al., 2001) 

describes the synthesis and structural characterization of a series of 14-residue
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gramicidin S analogs with varying amino acid substitutions in the (i-tum region. 

Chapter 5 (manuscript in preparation) explores the kinetics of folding of gramicidin 

S analogs as measured by IR and molecular dynamics simulations. Chapter 6 

summarizes the results of this work and describes some possible future directions for 

further research.
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Table 1.1 Structural Diversity of Antibacterial Peptides

Primary Structure Compound Source 2°, 3° or 4° Structure Mechanism of Actioi
Non-coded amino acids Gramicidin S Bacteria Cyclic p-sheel Membrane active

Non-coded amino acids Polymyxins Bacteria Cyclic Membrane active, binds LPS

Coded amino acids Defensins Mammal Disulfide promoted p-sheet Membrane active

Coded amino acids Indolicidin Mammal Type II polyproline helix Membrane active

Coded amino acids Cecropins Insect a-helix Membrane active

Coded amino acids Magainins Amphibian a-h elix Membrane active

Post-translationally 
modified amino acids

Nisin Bacteria Mixed (methyl)lanthionine 
backbone bridges

Membrane active

Coded amino acids Leucocin A Bacteria Mixed a-helix Membrane active

Coded amino acids Camobacteriocin B2 Bacteria Mixed a -helix Membrane active

Coded amino acids Bactenecin Mammal y-helix Membrane active

Coded amino acids Lactofcrricin B Mammal P-sheet Membrane active

Coded amino acids Tachyplesin I Crustacean Disulfide promoted p-sheet Membrane active

Coded amino acids Buforin II Amphibian a-h elix Membrane active

Coded amino acids Circulin B Plant Cystine-knot Membrane active?

Coded amino acids Temporins Amphibian a-h elix Membrane active

Coded amino acids Lycotoxin Spider a-h elix

Coded amino acids Styelins Tunicate a -h elix

Coded amino acids Melittins Insect a -helix Membrane active

Post-trans. Mod. -  
Glycosylated

Pyrrhocoricin Insect Mixed a -helix Inhibits ATPase activity of D
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Charge Primary Structure Compound
Histatin

m m m

Metal chealator- peptolide Bacitracin

Glycopeptide

Glycopeptide

Glycopeptide

Vancomycin

Teichoplanin

Eremomycin

N eu tn lar  Coded amino acids Pardaxins
Negative

Lipopeptide-peptaibol Trichogin

Lipopeptide- Daptomycin
Non-coded amino acids

Peptolide Dalfopristin

Non-coded amino acids Quinupristin

Peptaibol Alamethicin

Source 2°, 3° or 4° Structure Mechanism of Action
Metalloprotease inhibitor

Bacteria Metal complex-distorted 5 Blocks lipid carrier-
or 6 coordination sphere

undecaprenylpyrophosphate

Bacteria Dimer Inhibits peptidoglycan synthesis

Bacteria Dimer? Inhibits peptidoglycan synthesis

Bacteria Dimer? Inhibits peptidoglycan synthesis

Fish a-h elix

Fungus 3io helix Membrane active

Bacteria Decapeptide lactone Membrane active

Bacteria Lactone Targets 50S ribosomal sub-unit

Bacteria Cyclic hexadepsipeptide Targets 50S ribosomal sub-unit, 
synergistic with Dalfopristin

Fungus a-h elix Membrane active



Table 1.2 Klaenhammer1 Bacteriocin Classification

Class Sub-Class Description
I -Lantionine containing lantibiotics.
II -Small <10 KDa, non-Iantionine containing membrane active 

peptides.
a -Listeria monocytogenes-active peptides containing a YGNGV 

concensus sequence.
b -Two component (synergistic) peptide systems.
c -Thiol-activated peptides, requiring reduced cysteine residues

for activity.
III -Large >30 KDa, proteins.
IV -Bacteriocins that contain lipid or carbohydrate adducts.

1. From Klaenhammer, T.R. (1993) FEMS Microbiol. Rev. 12:39—86.
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Top

Side

Figure 1.1. Top and side views of gramicidin S
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Side

s .

Helix Axis

Figure 1.2. Side-view and a view down the helical axis, of leucocin A
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Adenylate Carrier Condensation/Epimerization
domain domain domain

rA
Pro-AMP

rA
Val-AMP

Om-AMP

Leu-SrA
Lou-AMP

Phe-S
Phe-AMP

-Pro-DPhe

-Val-Pro-DPhe 

Om

-Om-Val-Pro-DPhe

S-Lau-Om-Val-Pro-DPha

Leu-Om-val-Pro-DPha

GS1
127 KDa

GS2 
508 KDa

I I
DPh0-Pro-Val-Om-L.au

Figure 1.3. Gramicidin S biosynthesis. Biosynthesis is initiated on the adenylate 
domain of GS1 by way of phe-AMP formation. After epimerization of Phe, the 
‘activated’ amino acids on GS2 can, in turn, condense to form a pentapeptide -  
where condensation steps are catalyzed by the thiotemplate intermediate (shown 
cycling through the adenylation and condesation/epimerization modules). The cycle 
is repeated, then both pentapeptides are linked head-to-tail.
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Mechanism of Action

Antibacterial Peptide

i
Cell-wall Active 

-Cell-w all syn thesis  inhibition

Cell Membrane Active^
Pore Form ation

1  IB arrel-Stave j  C arpet Model
Model W ormhole 

Model
-M em brane breakdown (or integrity 
breach)

Cell Membrane Active
. V, A S • S ■, % SJ NV*S'v , s’ -v '

' i y .  ><■ \ »  '  S5if§;5:SS5

Transbllayer transport 
of pep tide  (arid lipid)

M em brane receptdr
H V I I '  W \ s O  *  * "ss 

C "  .s s s s ■> '  A?  s '  .s®n».v.,V<<j> s' <...<■ p s ^ v "s ' ' '

1

Active in the Cytosol 
Ribosome interaction

Nucleic acid interaction

Figure 1.4. Antibacterial mechanism of action. As is shown, the peptides can 
follow two primary mechanistic routes; membrane disruption or peptide-membrane 
translocation.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3,ohelix P*"***
a  helix

n helix
P helix

Figure 1.5. A few representative structures of antibacterial peptides. The three 
helices on the right are made up of 10 residues.
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SPPS Flow Chart

Activation Deprotection

Coupling ^

Cleavage J  I

I

D Free peptide
n

r= amino acid 
1= activating agent 

Is  side chain protection 
1= a-am ino  protection

r A

= solid support (resin)

Figure 1.6. Solid phase peptide synthesis. Peptides are synthesized in step-wise 
fashion beginning with side-chain deprotection concomitant to amino acid 
activation. The amino acid and growing peptide chain are allowed to couple for a 
few hours until the cycle is repeated or the peptide is cleaved off the resin.
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Figure 1.7. Structures of the activating agents HBTXJ (top) and HATU (bottom).
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Spin States

Magnetic Moment

Spin

M=0

Bo field

|3 spin 0  I = -  1/2 

a  spin | |  I = + 1/2

Mt

Time to Frequency

Fourier
Transform

Voltage

Frequency (co)Time (t)

Figure 1.8 (top). Spin states of nuclei in and out of an applied magnetic field. 
Figure 1.9 (bottom). Schematic representation of the conversion of an FID to the 
common frequency domain spectrum.
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Karplus Curve

N
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-180 -90 9 0 180

Phi Dihedral Angle (degrees)

Figure 1.10. Karplus Curve for 3J h nh a  as a funtion of the phi dihedral angle.
Pointed out are the common secondary structure regions; A = antiparallel P-sheet, B 
= parallel P-sheet, C = right-handed a-helix, D = 3io helix, E = n  helix and F = 
left-handed helix.
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i i+1 i+2
dNN

daN

dpN long 
range d a a

CH3

Figure 1.12. Representative NOE’s. The top strand (containing residues; i, i+1 and 
i+2), illustrates the dNN, daN, d0N, da8, d aa  NOE’s all used to help determine 
secondary structure. A long range NOE is also shown between a valine side chain 
and an a  proton.
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Figure 1.13. Protein backbone dihedral angles.
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Figure 1.14. A graphical representation of a empirical potential energy function.
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Chapter 2*

Unusual P-sheet Periodicity in Small Cyclic Peptides (GS Analogs)

2.1 Introduction

Peptide models of protein secondary structures can yield important insights 

into the forces that govern protein folding. Indeed, over the past 30 years peptide

models of a-helices have taught us much about the energetics and dynamics of this 

important secondary structure (Padmanabhan et al., 1990; O’Neil and DeGrado, 

1990; Zhou et al., 1992; Hill et al., 1990; Horovitz et al., 1992). Unlike a-helices,

however, peptide models of (3-sheets and (3-strands have not been as easily attained 

(Smith and Reagan, 1997; Gellman, 1998). Recent studies based on peptide 

mimetics (Hartman et al., 1974; Kemp, 1990), naturally occurring small proteins 

(Kim and Berg, 1993; Minor and Kim, 1994; Smith et al., 1994), artificial proteins 

(Richardson and Richardson, 1987; Richardson et al., 1992) and protein fragments 

(Viguera et al., 1996; Prieto et al., 1997; Najbar et al., 1997) have shown that it is

possible to create relatively small, soluble versions of (3-strands. Most of these 

peptide models, however, suffer from a number of limitations, ranging from a

propensity to aggregate, excessive size (>50 residues), low P-sheet content (<20%)

*This chapter was published as a paper by Gibbs, A.C., Kondejewski, L.H., 
Gronwald, W„ Nip, A.M., Sykes, B.D., Hodges, R.S. and Wishart, D.S. (1998) in 
Nat. Struct. Biol. 5:284-288.
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or low stability (molten globule).

In an attempt to overcome some of the limitations found in earlier P-sheet 

models, we have selected a small, water-soluble peptide known as gramicidin S 

(GS) to serve as a model P-sheet peptide (Guase and Brshnikova, 1944). GS is a 

cyclic decapeptide [cyclo(FPVOLFPVOL) -  where underlined residues are D- 

amino acids] that has been shown by X-ray crystallography (Schmidt et al., 1957; 

Dodson et al., 1978) and NMR spectroscopy (Gibbons et al., 1972; Krauss and

Chan, 1982) to form a very stable, amphipathic, antiparallel P-sheet bordered by 

two type IT p-tums (see Figure 1.1).

Over the past five years, we have devised a number of semi-automated solid 

phase synthetic schemes to quickly and efficiently prepare analogs of GS (Wishart et 

al., 1995; Kondejewski et al., 1996 a.; Wishart et al., 1996; Kondejewski et al., 1996 

b.). In combination with NMR and CD spectroscopy, these synthetic procedures

have allowed us to investigate the influence of amino acid substitutions on P-sheet

and P-tum propensity and stability (Kondejewski, et al., 1996 c.). The present

study uses this GS model in an attempt to better understand the influence of P~

strand length on P-sheet stability. We have designed and synthesized a series of 

cyclic GS analogs that were both smaller and larger than the native GS peptide (10 

residues). Six GS analogs containing 6, 8,10, 12, 14 and 16 residues (see Table 2.1

for sequences) were prepared having hypothetically paired P-strand lengths of 1,2,
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3, 4, 5 and 6 residues respectively. Preliminary CD data unexpectedly revealed that 

the structure of these peptides alternated between ordered and disordered forms

depending on the length of the hypothesized (3-strands (Kondejewski et al., 1996 a.). 

These results prompted further investigation of the phenomenon using NMR 

spectroscopy to generate detailed three-dimensional structures of these peptides. As 

seen below, the data provide unequivocal evidence for a length—dependent

periodicity in P-sheet content for this particular group of cyclic peptides.

2.2 Materials and Methods

Peptide Synthesis and Purification. Peptides were synthesized on an Applied 

Biosystems 430A automated peptide synthesizer using standard t-butyloxycarbonyl 

(Boc) chemistry (Wishart et al., 1996) on Boc-Pro-PAM resin. For peptides

containing more than two lysines orthogonally protected Boc-e-formyl-lysine,

instead of the common Boc-e—2C1Z-Iysine, was used to prevent complications 

arising from the cyclization process (Kitagawa et al., 1994). The linear peptides 

were subsequently cleaved from the resin with anhydrous HF in the presence of 10% 

anisole and 2% 1, 2-ethanedithiol. The crude linear peptides were purified prior to 

cyclization using reversed-phase HPLC on a Synchropak RP-4 preparative C-8 

column. Cyclizations were performed at peptide concentrations of 2 mg/mL in 

N,N-dimethyformamide (DMF) using 3 equivalents each of benzotriazoyl-N- 

oxytridimethylaminophosphonium hexafluorophosphate (BOP), 1- 

hydroxybenzotriazole (HOBT) and diisopropylethylamine (DIEA). The cyclization

reaction was generally complete after 12 h. For those peptides containing E-foimyl
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lysine, the formyl protecting group was removed (after cyclization) by heating the 

peptide to 37 °C in 10% methanolic HC1 for 24 hours. The resulting cyclic peptides 

were purified by reverse phase HPLC using a linear AB gradient where solvent A is 

0.1% aqueous TFA and solvent B is 0.1% TFA in acetonitrile. Peptide homogeneity 

was verified via electrospray mass spectrometry.

Circular Dicroism (CD) Spectroscopy. The CD spectra were recorded at 25 °C on 

a Jasco J-500C spectropolarimeter using 0.02 cm path length quartz cells. Each CD 

spectrum is an average of four scans, collected at 0.1 nm intervals between 190 and 

250 nm. The peptides were prepared at a concentration of 1 mg/mL in 10 mM 

sodium acetate buffer, pH of 5.5. Ellipticity is reported as mean residue ellipticity

[0], with approximate errors of +/-500 millidegrees at 220 nm.

Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H-NMR experiments were 

performed on Varian Unity-300 and VXR-500 spectrometers. Each peptide was

dissolved in 500 pL of 80% HiO/20% D2O or 100% D2O (depending on the 

experiment) giving a sample concentration of approximately 1-2 mM. Uncorrected 

pH readings were between 3.4 -  7.1 and the sample temperature was maintained at 

25 °C. All chemical shifts were referenced to internal DSS at 0.00 ppm. Individual 

spin system assignments were made using total correlation spectroscopy, (TOCSY) 

(Bax and Davis, 1985). Sequential assignments were made using data collected 

from ROESY (Bothner-By et al., 1984) and NOESY (Macura et al., 1981) 

experiments. Mixing times of 80 ms, 150 ms and 350 ms were used for the
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TOCSY, ROESY and NOESY experiments respectively. 3Jhnha coupling constants 

were measured from 1-D 'H-NMR spectra using an in-house curve fitting 

program. Amide temperature coefficients were measured from a series of 1-D 1H - 

NMR experiments recorded over a range of temperatures (25 -  45 °C).

Molecular Modeling. Distance restraints were generated from analysis of ‘H 

NOESY and ROESY experiments. Differential NOE crosspeak intensities were 

assessed to identify upper-distance bounds of 2-3.5 A (strong), 2-4 A (medium) 

and 2-5.5 A (weak) depending on corresponding crosspeak intensity. Van der 

Waals radii of 2 A were set as the lower distance bound. Hydrogen-bond donors 

were identified by amide temperature coefficients and N H -0 distance restraints 

were determined by chemical shift differences from random coil values of amide 

protons using a r/1 relationship (Wishart et al., 1991). Hydrogen bond 

measurements provided an additional 2, 4 and 6 intra-strand N H -0 and N -0  

restraints for the 6, 10 and 14-mers respectively. Additional distance restraints were 

included to "cyclize" the peptides at the N and C termini using N-C, HN-O, HN-C 

and N -0  distances of 1.22 ± 0.00 A, 3.17 ± 0.10 A, 1.99 ± 0.05 A and 2.09 ± 0.05 

A respectively. Analysis of 1-D ‘H-NMR spectra yielded 3Jhnha coupling constants 

which were converted to an additional 4, 6, 8, 10 and 12 phi dihedral angle restraints 

for the 6, 8, 10, 12 and 14-mers respectively. Psi angle restraints were obtained via 

the Chemical Shift Index (Wishart et al., 1992), with CSI values of +1, 0 and -1 

corresponding to psi values of 120° ± 30°, -40° ±180° and -60° ± 40° respectively. 

Omega dihedral angles were restrained to 180°. An in-house distance geometry 

program employing a genetic algorithm (Cartwright, 1993) for conformational
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sampling was used to generate the 20 "fittest" structures for each of the five 

peptides. These structures were further refined using the CVFF force field 

(Biosym), employing a conjugate gradient minimizer for 100 iterations. The mean 

RMSD’s of the final families of analogs were calculated from ensemble-averaged 

coordinates derived from X-PLOR (Brunger, 1992). The final structures were 

evaluated by VADAR (Wishart et al., 1997) for coordinate feasibility, bond length 

and dihedral violations as well as packing defects. Structural statistics for all five 

peptides are summarized in Table 2.2.

2.3 Results and Discussion

Structure Determination. The NMR spectra for five of the six peptides used in 

this study were assigned using conventional 'H homonuclear techniques (Wuthrich, 

1986). Insufficient material for the sixth peptide (the 16-mer) was available to 

permit detailed NMR analysis. The small size and good solution behavior of the 

remaining five peptides made it possible to assign all observable main-chain and 

side-chain 'H resonances (total = 276), see Tables 2.3 (6-mer shifts), 2.4 (8-mer 

shifts), 2.5 (10-mer shifts), 2.6 (12-mer shifts) and 2.7 (14-mer shifts). As has 

been noted by others (Sefler et al., 1996; Fahmer et al., 1996) cyclic peptides in 

aqueous conditions tend to exhibit relatively few inter-residue NOE’s. In addition, 

resonance degeneracy arising from the molecular symmetry combined with the 

limited variation in amino acid composition of this particular group of peptides 

further reduced the number of useful NOE’s. This made three-dimensional 

structural determination through conventional NOE-based techniques somewhat 

difficult. However, using a protocol similar to that described by Sefler (Sefler et al.,
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1996), we were able to overcome these difficulties by supplementing the sparse 

NOE data with detailed 3Jhnha coupling constant measurements, ‘H chemical shift 

values, amide exchange rates and amide temperature coefficients (see Table 2.8), for 

additional dihedral and H-bond constraints. Furthermore, by concentrating on the 

backbone conformation only and making use of an efficient genetic algorithm 

(Cartwright, 1993) (see Materials and Methods for further details) for 

conformational sampling, we were able to reduce the computational complexity of 

multiple structure determinations to a manageable level.

(3-sheet Content Varies Periodically with Peptide Length. Superimposed (20 

structures) backbone traces, as determined by conventional 'H NMR methods, are 

shown for GS analogs containing 6, 8 , 10, 12 and 14 residues (Fig. 2.1). Also 

shown are the far-UV CD spectra for the same five peptides plus a sixth CD 

spectrum for the 16-residue analog. It is clear from these figures that all six

peptides alternate between structured ((3-sheet) and unstructured forms depending 

on their sequence length. Peptides containing 6, 10 and 14 residues exhibit well- 

defined (3-sheets and show the spectroscopic hallmarks of rigid, well-defined 

structures including low amide temperature coefficients (indicative of H-bonds), 

large ‘H chemical shift deviations from random coil values, and a mixture of both 

large (> 8 Hz) and small (< S Hz) 3Jhnha coupling constants. Furthermore, the 

backbone RMSD values (based on a superimposed set of 20 structures each) are 

very small (typically < 0.1 A), indicating a high degree of structural order.
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On the other hand, the peptides containing 8, 12 and 16 residues exhibit no 

well-defined structure and show strong spectroscopic evidence of high main-chain 

mobility and a great deal of structural disorder. In particular, all three peptides were 

characterized by random coil CD spectra, while NMR data for the 8-mer and 12- 

mer yielded random coil ‘H  chemical shifts, random coil 3Jhnha coupling constants 

(-7 H z ) , high amide temperature coefficients (> 6 ppb/°C) and no evidence of slow- 

exchanging protons. Furthermore, the backbone RMSD values for these two 

"disordered" peptides (based on a backbone superposition of 20 structures each) are 

typically greater than 0.70 A.

In Figure 2.2 we illustrate how the periodicity in (3-sheet content varies with 

sequence length in a more quantitative fashion. Note that because these peptides are 

cyclic, the far-UV CD spectra of the more structured analogs (Wishart et al., 1996; 

Kondejewski, et al., 1996 b.) tend to resemble those of helical peptides. This

prevented quantitative determination of (3-sheet content using conventional CD 

spectral deconvolution techniques (Perczel et al., 1991; Perczel et al., 1992). 

However, by using a weighted combination of measured *H chemical shifts and

3Jhnha coupling constants we were able to quantitatively estimate the percent |3-sheet 

content (Table 2.1) in a manner similar to methods described by others for 

estimating percent helical content in peptides via NMR (Jimenez et al., 1993; Reily 

et al., 1992). Specifically, we compared the 'H chemical shift values and 3Jhnha

coupling constants to "idealized" values expected from antiparallel (3-strands 

(Wishart et al., 1991; Smith et al., 1996), (3-tums (Wurthrich, 1986) and random
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coil peptides (Wishart et al., 1995). Closer inspection of Figure 2.2 clearly shows 

how the (3-sheet content changes periodically with the sequence length, with 

peptides of 6, 10 and 14 residues containing >70% (3-sheet and peptides of 8, 12 and 

16 residues containing <15% (3-sheet. It is important to note the discrepancy

between the chemical shift estimate and the J-coupling estimate of (3-sheet content 

(Table 2.1). This is likely due to the intrinsic differences between how 3J h n h a  

coupling constants and ‘H chemical shifts vary with the <(> dihedral angle. This 

difference is more exaggerated when the angle of interest is further from the 

'idealized’ antiparallel (3-strand value (-139°) as in the case with this six residue 

analog.

(3-sheet Periodicity and Cydization Geometry. Initial results suggested that this 

length-dependent periodicity may be related to the ratio of hydrophobic and

hydrophilic amino acids in each peptide, or possibly to the intrinsic (3-sheet 

propensities of the residues in each strand. However, through the course of structure

generation and modeling, it became obvious that the periodicity in (3-sheet content 

had as much to do with cyclization geometry as with individual amino acid 

propensities. As seen in Figure 2.3, a linear peptide containing a (3-strand with an

odd number of amino acids bordered by two type II’ (3-turns will allow the N and C 

termini of the opposite strand to be optimally oriented for ring closure. We call this 

a "staple configuration” and, as might be expected, when the peptide is cyclized
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through the N and C termini, it would lead to a stable fU-sheet. This is exactly what

is seen for the GS analogs containing 6, 10 and 14 residues. On the other hand, a (3-

strand with an even number of amino acids, bordered by the same type II’ (3-turns, 

will lead to the N and C termini of the opposite strand being oriented on opposite 

sides. We call this a "twisted staple configuration". This twisted staple 

configuration arises from the 180° rotation of the peptide bond each time an amino 

acid is inserted into an extended chain. Therefore, cyclization of a peptide in a 

"twisted staple" configuration would produce a twisted mobius-like ring. This sort 

of distortion prevents hydrogen bonds from forming and, as a result, leads to a 

disordered and somewhat more flexible structure typified by the GS analogs 

containing 8, 12 and 16 residues.

Confirmation of a Forty Year Old Prediction. Nearly forty years ago, a series of 

papers (Schwyzer, 1958; Schwyzer and Ludescher, 1969; Schwyzer et al., 1964) 

predicted that the number of amino acids within a cyclic peptide would influence the 

type of secondary structure adopted by that molecule. In particular, Robert 

Schwyzer (Schwyzer, 1958), on the basis of stereochemical considerations,

hypothesized that cyclic peptides would form (3-sheet structures if they contained 

2(2n+l) residues (where n=l, 2, 3...). This is precisely what is seen for the GS 

analogs containing 6, 10 and 14 residues. We believe the results of this study 

represent the first detailed three-dimensional confirmation of Schwyzer’s 

hypothesis.
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However, it is important to note that the structural periodicity rules that 

Schwyzer predicted are not as universal nor as geometrically driven as originally 

suggested. Indeed, they are only valid under relatively limited conditions and, due 

to the results of this and other recent studies (Kumar et al., 1975; Patel and Tonelli, 

1976; Blackledge et al., 1993; Bugess and Lim, 1996), we wish to propose some 

important refinements.

First, and most importantly, P-sheet formation in cyclic peptides can only 

take place in those molecules containing two — and only two —  equally separated 

type I’ or type II’ turns. This is because only type I’ and type II’ (3-turns have 

the required synperiplanar geometry necessary to correctly align the i and i+3

residues at both ends of a putative 3-sheet (Muller, 1996). Therefore, if a cyclic 

peptide (that satisfies the 2(2n+l) rule) does not have the appropriate sequence or 

the appropriate placement of these very specific 3 - turns, it will not form a P-sheet.

Second, because of the positional requirement of type I’ and type O’ turns,

3-sheet foimation in cyclic peptides is dictated by the appropriate placement of D - 

amino acids and other "tum-fonning" residues in the peptide sequence.

Specifically, type II’ 3~turas have an absolute requirement for a D-amino acid (or 

glycine) in the i+1 position and a very strong preference for proline in the i+2 

position (Kessler, 1982; Kessler et al., 1994). Likewise, type I’ 3-turns have an 

absolute requirement for D-amino acids in both the i+1 and i+2 positions
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(Richardson and Richardson, 1987; Rose et al., 1985). Therefore, the sequence 

associated with the P-tum residues is exceedingly important for P-sheet formation. 

This observation also implies that cyclic peptides c o n ta in in g  all L-amino acids, no

matter what length or sequence, will never form stable P-sheets. Chapter 4 of this

thesis describes in detail the stereochemical requirements for type II’ P-tum

formation and how type II’ P-turns stabilize antiparallel P—sheet structure in GS 

analogs.

Third, the sequence and amino acid composition of both the turns and the P~

strands is important for P-sheet periodicity. Substitutions of glycines or additional

lysines into the P~strand region of GS (a peptide that satisfies the 2(2n+l) rule) have

been shown, by CD and NMR spectroscopy, to disrupt the P-sheet and reduce the

overall P-sheet content (Wishart et al., 1996; Kondejewski et al., 1996 b.).

Similarly, the substitution of D-His in place of D-Tyr in the p-tum positions has

also been shown to reduce the P-sheet content (Wishart et al., 1996). One would 

also expect that the substitution of a proline in the middle of either strand would

substantially disrupt the P-sheet structure as well. This suggests that intrinsic 

secondary structural propensities of individual amino acids can play a significant

role in the formation of P-sheets in cyclic peptides.

Fourth, cyclic peptides that satisfy the 2(2n+l) but which contain one or
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more D-amino acids in one, or both, P-strands will not form P-sheets (Tamaki et 

al., 1988). This arises because the insertion of such an amino acid will disrupt the 

hydrogen bonding patterns typically associated with anti-parallel P-sheets. 

Therefore, the number and placement of D-amino acids, particularly in the P~

strands, is also an important consideration in predicting p-sheet formation and p - 

sheet periodicity in cyclic peptides.

Fifth, as our data clearly show, cyclic peptides that do not contain 2(2n+l) 

residues will not form stable P-sheets. In other words, cyclic peptides containing 

two evenly spaced type I’ or type 11’ turns will always form disordered or "random 

coil" structures if they contain 4n residues (where n =1, 2, 3...). Similarly, cyclic 

peptides containing an odd number of residues are also incapable of forming stable

p-sheets (Morita et al., 1996; Morelli et al., 1991). These two amendments to 

Schwyzer’s hypothesis are important since the original prediction failed to suggest 

what type of structure would be formed in cyclic peptides that did not contain 

2(2n+l) residues.

While it is clear that geometrical and stereochemical considerations strongly 

dictate the formation of P-sheets in cyclic peptides, it is also clear that the amino 

acid sequence (i.e., the position of the D-amino acids and other turn-forming 

residues) and composition (i.e., the type and number of "turn-forming" and "P- 

sheet forming" residues) can play an equally important role in explaining P-sheet
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periodicity. In other words, Schwyzer’s hypothesis is correct insofar as it identifies 

a fundamental stereochemical issue that regulates cyclic peptide structure. However, 

a host of other conditions, ranging from appropriate stereochemistry, peptide 

geometry, electrostatic interactions, hydrogen bonding potential, residue position 

and intrinsic secondary structure propensities must be satisfied before this

phenomenon of P-sheet periodicity can be observed. It is not surprising, then, that 

it has taken more than 40 years to observe this phenomenon experimentally.

2.4 Conclusion

To summarize, we have found strong evidence of a periodic sequence-length 

dependence on P-sheet content in a particular class of cyclic peptides. While such 

an observation was predicted 40 years ago, this is the first time that such a periodic 

variation in secondary structural content has been unequivocally confirmed on the 

basis of actual (NMR-derived) three-dimensional structures. Detailed model 

building, supplemented with additional experimental evidence from homologous 

peptides, also suggests that this periodicity is dependent not only on the geometric 

and stereochemical requirements of cyclization, but also on the sequence, 

composition and secondary structural propensities of the individual amino acids.

Given the importance that cyclic peptides and artificial P-sheets now have in the 

creation of synthetic templates or template assembled synthetic proteins (TASPs) 

(Mutter et al., 1996; Tuchschere et al., 1994; Peng, 1999), artificial proteins 

(Richardson and Richardson, 1987; Richardson et al., 1992) and novel antibiotics 

(Kondejewski et al., 1996 b; Jelokhani-Niaraki et al., 2000; Mclnnes et al., 2000),
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this unusual P-sheet periodicity may have important implications in the design of

constrained P-sheet mimics as well as in our fundamental understanding of P-sheet 

formation.
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Table 2.1 Sequences and P-sheet Content of GS Analogs

Analog Sequence1 % P-sheet % P-sheet % P-sheet

(AS)2 ( 3J h n h a )3 (Average)4

6-mer KYPKYP 30 70 50

8-mer KVYPLKYP 0 10 5

10-mer VKLYPVKLYP 93 94 94

12-mer VKLKYPKVKLYP 3 7 5

14-mer VKLKVYPLKVKLYP 105 92 99

16-mer VKLKVKYPKLKVKLYP - - (IS)5

1. The first and last residues are linked through the backbone (homodetic) to make the 
peptides cyclic. All tyrosine residues are of D-stereochemistry.
2. AS is the change in chemical shift. % p-sheet (A8) = (average analog Lys A8 -  Lys 
random coil A5 )/(typical P-sheet A8) x 100, where Lys random coil AS = 4.32 ppm, typical 
P-sheet AS = 0.4 ppm (Wishart et al., 1991).
3. % p-sheet (3J hnha) =  (average Lys 3J hnha - average Tyr 3JHNHA)/(ideal P-sheet 3J hnha - 

ideal type II' P-tum 3J hnha) x  1 0 0 , where ideal p-sheet 3J hnha = 8.9 Hz, ideal type H' p-tum 
3J hnha = 4.1 Hz (Smith et al., 1996).
4. Average = average of % P-sheet (AS) and % P-sheet ( 3Jh n h a )-

5. P-sheet content determined by CD spectroscopy.
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Table 2.2 Structural Statistics for GS Analogs (20 structures each)

Analog 6-mer 8-mer 10-mer 12-mer 14-mer

Distance Restraints
sequential 4 6 4 9 7
hydrogen bonds 4 0 8 0 12

Dihedral Restraints
♦ 6 8 10 12 14
V 6 8 10 12 14
(O 6 8 10 12 14

Total' 30 34 46 49 65
Mean Energies2 (Kcal m or1)

Ecoukmb 12.61 ±0.18 16.41 ±0.34 15.56±6.10 26.10± 1.39 25.17±5.53
E»dW 9.89±0.07 12.76± 1.41 13.39±1.81 8.40± 1.33 15.43±2.34
Ejmproper 0.02 ±0.00 0.24±0.10 0.05±0.01 0.18±0.01 0.12±0.05
Ephi 0.85±0.16 3.22±1.40 0.78±0.65 2.82 ±1.05 1.72±0.64
Etheu 9.23±0.22 12.54±0.80 12.35±0.41 21.65±3.90 18.37±1.20Cbondn? 2.98±0.07 3.83±0.15 4.54±0.20 5.40±0.16 5.90±0.25E-loUl 35.59±0.18 49.10±3.59 46.66±5.77 64.54±2.81 66.73 ±5.45

Ramachandran Analysis
residues in favored regions 6 8 10 12 13
residues in allowed regions 0 0 0 0 1
residues in generous regions 0 0 0 0 0
residues in disallowed regions 0 0 0 0 0

Mean atomic RMSD2 (A)
backbone 0.01 ±0.02 0.70±0.33 0.10±0.04 1.77±0.18 0.56±0.14

1. A cyclization restraint was added to force covalent ring closure, between the first and last residues.
2. Energies (Kcal mol-1) and RMSD’s (A) reported with standard deviations.



Amino

Acid
Tyrl

Pro2

Lys3

Tyr4

Pro5

Lys6

Table 2.3 ’H-NMR Assignments (ppm) for 6-mer 

HN H a HP Other 3J hnha

(Hz)
8.48 4.67 2.91,2.89 2.6H7.17 5.12

3,5H 6.87
430 1.92 yh  1.61, 1.61

8H 3.70,2.88
7.46 4.44 1.75 YH 1.16,1,25 8.42

8H 1.25,1.25 

eH 2.97,2.97 

eNH3 7.51
8.48 4.67 2.91,2.89 2.6H7.17 5.12

3,5H 6.87
430 1.92 YH 161,1.61

8H 3.70,2.88
746 4.44 1.75 yH 1.16, 1,25 8.42

8H 1.25,1.25 

eH 2.97, 2.97 

eNH3 7.51
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Table 2.4 'H-NMR Assignments (ppm) for 8-mer

Amino HN Ha HP Other 3J hnha

Acid
Tyrl 8.45 4.97 2.99, 2,6H 7.12

(Hz)
8.55

Pro2 4.37
2.86
2.15

3,5H 6.81 
yH 1.86, 1.86

Lys3 8.06 4.47 1.69
8H3.72, 3.31 

yH 1.40, 1.40 

8H 1.50, 1.50 

eH 3.00, 3.00

8.75

Val4

Tyr5
7.83
8.52

4.12
4.95

1.88
2.97,

eNH3 7.55 
YH 0.89,0.69 
2,6H 7.14

6.62
7.80

Pro6 4.31
2.91
2.09

3,5H 6.84 
YH 1.86, 1.86

Leu7 8.04 4.48 1.42
8H3.72, 3.13 
YH 0.87 8.20

Lys8 8.03 4.17 1.61
8H 0.91,0.85 
YH 1.21, 1.21 

8H 1.50, 1.50 

eH 2.95, 2.95 

eNH3 7.55

8.55
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Table 2.5 ‘H-NMR Assignments (ppm) for 10-mer

Amino HN H a HP Other 3J hnha

Acid (Hz)
Vail 7.53 4.16 2.13 YH 0.89 8.97
Lys2 8.41 4.69 1.86 yH 1.32, 1.32 8.79

8H 1.63, 1.63

eH 3.15, 3.15
Leu3 8.58 4.57 1.48 YH 1.40, 1.40 7.21

8H 0.88,0.88
Tyr4 8.78 4.63 3.02, 2,6H 7.15 4.39

2.92 3,5H 6.83
Pro5 4.40 1.92 YH 1.65, 1.65

8H 3.68, 2.66
Val6 7.53 4.16 2.13 YH 0.89 8.97
Lys7 8.41 4.69 1.86 YH 1.32, 1.32 8.79

8H 1.63, 1.63

eH 3.15, 3.15
Leu8 8.58 4.57 1.48 YH 1.40 9.15

8H 0.88
Tyr9 8.78 4.63 3.02, 2,6H 7.15 4.39

2.92 3,5H 6.83
Pro 10 4.40 1.92 YH 1.65, 1.65

8H 3.68, 2.66
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Table 2.6 ^-N M R  Assignments (ppm) for 12-mer

Amino HN Ha HP Other 3J hnha

Acid
Vail
Lys2

7.96
8.38

3.98
4.39

2.08
1.83

gH 0.92 
yH 1.41,1.41

8H 1.71, 1.71

(Hz)
7.21
7.45

Leu3 7.96 4.38 1.55
eH 3.00, 3.00 
yH 1.31,1.31 7.21

Lys4 7.98 4.24 1.53
8H 0.93,0.93 
YH 1.09, 1.09 

8H 1.29, 1.29

6.98

Tyr5 8.47 4.96 3.04,
eH 2.91,2.91 
2,6H 7.04 6.59

Pro6 4.34
2.87
2.19

3,5H 6.78 
yH 1.87

Lys7 8.27 4.30 1.78
8H 3.68, 3.34 
yH 1.44, 1.44 

8H 1.69, 1.69

7.08

Val8
Lys9

7.84
8.32

4.20
4.39

2.08
1.77

eH 3.00, 3.00 
YH 0.88 
yH 1.38, 1.38 

8H 1.68, 1.68

8.18
7.45

LeulO 7.96 4.38 1.55
eH 2.98, 2.98 
yH 1.31, 1.31 7.21

Tyrll 8.47 4.96 3.04,
8H 0.93,0.93 
2,6H 7.16 7.21

Prol2 4.41
2.87
2.06

3,5H 6.80 
yH 1.87, 1.87

8H3.72, 3.21
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Table 2.7 ‘H-NMR Assignments (ppm) for 14-mer

Amino HN Ha

Acid
Vail 7.58 4.19
Lys2 8.33 4.74

Leu3 8.69 4.57

Lys4 8.41 4.77

Val5 8.50 4.18
dTyr6 8.89 4.62

Pro7 4.41

Leu8 7.69 4.44

Lys9 8.29 4.79

VallO 8.65 4.31
Lys11 8.47 4.66

Leul2 8.58 4.54

dTyrl3 8.74 4.66

Pro 14 4.40

HP Other 3Jhnha

(Hz)
2-12 yO-88,0.88 8.54
165 yl.25,51.40 9.15

£2.93
153 yl.53, 9.16

80.83,

0.83
186 vl-37, 1.37 7.81

81.67, e3.00 
194 y087,0.80 8.91
3.06.2.91 2,6H 6.91 4.06

3,5H 6.63 
189 yI-62, 1.62

83.59, 2.55 
169 y!50, 8.06

80.89,

0.81
164 yI-28, 81.41 9.77

£2.95
198 y0 85, 0.85 9.40
187 yI-37, 81.67 7.93

£3.01
1.46 yI-36, 9.16

80.85,

0.85
3.02.2.92 2,6H 6.88 4.64

3,5H 6.60 
1 92 yI-67, 1.67

83.66, 2.71
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Table 2.8 Amide Temperature Coefficients (ppb/K)

6mer

8mer

lOmer

12mer

14mer

Tyrl Lys3 Tyr4 Lys6
7.60 4.10 7.60 4.10

Tyr5 Tyrl Lys3 Leu7 
6.45 7.10 6.00 5.90

Tyr4 Leu3 Lys2 Vail
9.30 0.96 6.80 4.60

Tyr5 Tyrll Lys2 Lys9 
7.50 8.50 7.20 5.96

Tyr6 Tyrl3 Leu3 VallO
7.80 3.70 5.30 4.40

Lys8 Val4 
5.10 6.55

Tyr9 Leu8 Lys7 Val6
9.30 0.96 6.80 4.60

Lys7 Lys4 Vail Leu3 
6.55 4.50 5.70 6.30

Leul2 Val5 Lysll Lys4
2.60 2.50 5.20 5.00

Leu 10 Val3
6.30 7.40

Lys2 Lys9 Leu8 Vail
5.80 5.30 1.60 3.40
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Figure 2.1. Solution structures of the five GS analogs with corresponding CD 
spectra. Each ensemble includes twenty structures superimposed to fit over the 
backbone average structure. The CD spectrum of the 16 residue analog is shown 
separately.
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Figure 2.1 continued.
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Figure 2.2. P-sheet content of all six GS analogs. The P-sheet content of the 6, 8, 
10, 12 and 14 residue analogs (solid line) was determined by NMR (3J hnha) data 
(See Table 2.1). P-sheet content (dashed line) for the 16 residue analog was 
determined by CD analysis.
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Staple Twisted Staple

Figure 2.3. The Staple and Twisted Staple configurations. The left ‘molecule’ has a 
‘staple configuration’, produced when an odd number of amino acids are bordered 
by two type II’ 0 - turns. An even number of amino acids between two type IT 0 -  
turas causes a 180° rotation of the peptide bond leading to a twisted staple 
configuration’ as shown with the right ‘molecule’. The ‘screw’ portion is used to 
illustrate how the addition of one amino acid leads to a Vi turn rotation in the screw 
(peptide) axis.
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Chapter 3*

Bacteriocin Analogs: Antibacterial Activity and Interactions of 
Leucocin A with its Enantiomer, Camobacteriocin B2 and 
Truncated Derivatives

3.1 Introduction

Many antibacterial peptides exert their bacteriocidal effects by interacting with the 

bacterial cell membrane (see Figure 1.4). These membrane active antibacterial 

peptides follow one of two primary mechanistic routes. Route 1: membrane 

disruption (barrel-stave model, carpet model etc.), known to disturb the

protonmotive force (Ap) or cytoplasmic homeostasis and route 2) peptide- 

membrane translocation, where the peptide after translocating into the cytoplasm, 

influences a cytoplasmic target. Although the former mechanistic route is most 

prevalent, recent studies have corroborated the latter route for certain peptides (Wu 

et al., 1999). It has also been observed that certain antibacterial peptides require 

relatively high concentrations to cause leakage in membranes. This suggests that at 

lower physiologically relevant concentrations, interaction with other cellular targets 

may be the dominant mechanism of action (Wu et al., 1999). Furthermore, cellular 

targets have been implicated with mersacidin and nisin A antibacterial activity. 

These peptides inhibit cell wall synthesis by binding to lipid II, the precursor for 

peptidoglycan synthesis. (Brdtz et al., 1998; Breukink et al., 1999). It is likely, in

♦This Chapter was published as a paper by Yan, L.Z., Gibbs, A.C., Stiles, M.E., 
Wishart, D.S. and Vederas, J.C. (2000) in /  Med. Chem. 43:4579-4581.

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



certain cases, the binding of a chiral cell wall precursor or protein receptor by an 

antibacterial peptide may initiate membrane disruption or peptide-membrane 

translocation, as well as possibly inactivating the function of the target

Enantiomeric (optical antipode) syntheses are a common method to study 

whether a chiral recognition/discrimination is a necessary feature of a particular 

mechanism of action (Eliel and Wilen, 1994). It was on this basis that enantiomers 

of antibacterial peptides have been previously synthesized and studied. Examples of 

enantiomers that display equal antibacterial activity to their all-L-enantiomers 

include: gramicidin S (Izumiya et al., 1979), temporin A (Wade et al., 2000), 

plantaricin A (Hauge et al., 1998), cecropin A, mellitin (Wade et al., 1990), 

cecropin B (Bland et al., 2001), magainin (Bessalle et al., 1990), adroctonin (Hetru 

et al., 2000) and mastoparan M (Li et al., 2000). Interestingly, there are no

examples of all-D-amino acid enantiomers of cationic, amphipathic a-helical 

antibacterial peptides that do not have antibacterial activity. In contrast to the 

bacteriocidal D-enantiomer peptides, only a few all-D-amino acid antibacterial 

peptides have been shown to be devoid of activity: polymyxin B (Tsubery et al., 

2000), drosocin (Bulet et al., 1996) and apidaecine (Casteels and Tempst, 1994). 

Based on these studies, one may hypothesize that polymyxin B, drosocin and 

apidaecines antibacterial effects are mediated through some type of chiral 

recognition.

Recently, the solution structure of the 37-residue, antibacterial peptide
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leucocin A (LeuA) was determined by NMR spectroscopy (Gallagher et al., 1997; 

Wang et al., 1999). These studies indicate LeuA contains a C-terminal cationic,

amphipathic a-helix with an N-termina! three-stranded antiparallel ^-sheet. 

Although detailed solution structures of LeuA have been determined, its mechanism 

of action still remains unclear. In order to help elucidate LeuA’s mechanism of 

action, we have synthesized its all-D-amino acid enantiomer (D-LeuA) then 

subsequently assayed for bioactivity against a number of bacterial strains. In 

addition, various fragments of LeuA were prepared in an attempt to determine the 

residues and secondary structural elements necessary for antibacterial activity. This 

study represents the first synthesis of an all-D-amino acid enantiomer of a type Ha 

bacteriocin antibacterial peptide.

3.2 Materials and Methods

Synthesis, purification and characterization of D-LeuA. The synthesis, 

purification and characterization of D-LeuA, was carried out with the assistance of 

Dr. Liang Zeng Yan. D-LeuA was manually synthesized by stepwise solid phase

synthesis (Bodanszky, 1993) using all D-amino acids with Fmoc a-amine 

protection. Orthogonal protection was as follows: Arg (Pmc); Asn (Trt); Cys (Trt); 

Glu (OtBu); His (Trt); Lys (Boc); Ser (tBu); Thr (tBu); Trp (Boc); Tyr (tBu). 

Initially, Fmoc-Trp-Boc (C-terminal amino acid) was coupled to 0.3 mmoles of 

Wang resin using DCC as the activating agent in the presence of catalytic amount of 

DMAP in DMF. The peptide chain was assembled in a stepwise manner with 

deprotection, activation and coupling cycles, as shown in Figure 1.6. All steps were

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



followed by washing sequentially with DMF, DCM, isopropanol, DCM and DMF, 

to remove excess reagents and protecting groups. Fmoc deprotection was catalyzed 

by 20% piperidine in DMF. Amino acid activation was carried out by using HBTXJ 

in DMF and N-methylmorpholine and a four-fold excess of the Fmoc protected 

amino acid was used to maximize yield of the HOBt-amino acid ester. The extent

of coupling was monitored by using a ninhydrin assay to check for residual free ex

amine (Sarin et al., 1981). The amount of residual a-amine present after coupling 

determined whether or not another coupling step was required, capping with acetic 

anhydride was needed or if the next amino acid should be added. To help drive the 

coupling reaction for amino acids that failed to couple completely, a combination of 

the activating agent HATU and heat was employed. Following synthesis, peptide 

cleavage from the resin was earned out in a mixture of 90% TFA, 5% thioanisole, 

3% DTT and 2% anisole for 2 h. The TFA catalyzes the hydrolysis of peptide from 

resin and the thioanisole, DTT and anisole act as protecting group scavengers.

The peptide was purified to homogeneity (see Figure 3.1) using preparative 

reversed phase HPLC with a Zorbax 300 SB C-8 column and a water/acetonitrile 

gradient. Following lyophylization, the peptide was tested for homogeneity with an 

HP 1100, LC-MSD electrospray mass spectrometer and determined to have a

molecular weight of 3932.11 ± 0.35 Da (see Figure 3.2). The oxidation state of the 

two cysteine residues was checked via an iodoacetamide reaction. The peptide was 

stirred under O2 , to promote oxidation, until no iodoacetamide derivatization was 

observed. The molecular weight of the oxidized peptide was determined to be
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3929.95 ± 0.59 Da. Purified D—LeuA was further characterized by amino acid 

sequencing, HPLC co-injection with L-LeuA and circular dichroism (CD) 

spectroscopy. Amino acid analysis using standard Edman degradation with a 

Applied Biosystems model 470A gas phase sequencer was used to confirm the 

peptide sequence. Figure 3.3, an analytic HPLC co-injection of D-LeuA and L - 

LeuA further confirmed the constitution of D-LeuA, as shown by the enantiomers 

overlapping retention times. Since enantiomers absorb left and right circularly 

polarized light opposite to each other, CD spectroscopy is a common method to 

differentiate optical antipodes. CD spectra were collected on a Jasco J-500C

spectropolarimeter at 25°C. The CD spectra were averages of four scans collected 

between 190-250 nm, with D - and L-LeuA concentrations of 0.1 mM (see Figure 

3.4). The spectra were recorded in the following solvents: 90% trifluoroethanol 

(TFE) in 0.1% TFA; aqueous dodecylphosphocholine (DPC) in 0.1% TFA (1:40 

ratio of LeuA:DPC); and 0.1% aqueous TFA.

The two L-LeuA peptide fragments (residues 18-32 and residues 18-37, see 

Table 3.1) were synthesized (Fmoc chemistry) and characterized at BioTools Inc. 

(Edmonton, AB).

Antibacterial activity of D-LeuA. Antibacterial activity studies were carried out 

by Dr. Liang Zeng Yan. The antibacterial activity of the peptides was determined 

by the spot-on-lawn test (Quadri et al., 1997). The following cultures were 

screened: Camobacterium divergens LV13, Camobacterium piscicola N5,
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Camobacterium piscicola LV17A, Camobacterium piscicola LV17B (Bac+ and

Bac~), Enterococcus faecium BFE 900, Leuconostoc gelidum UAL187, Leuconostoc 

gelidum UAL 187.13, Lactococcus messenteroides 23386, Lactobacillus sake 20017, 

and Listeria monocytogenes LI0502. Agonistic and antagonistic effects of mixtures 

of D- and L-LeuA were also measured. Solutions to test for agonistic or 

antagonistic activity were prepared with different molar ratios of L - to D-LeuA 

ranging from 0.1 to 100 (Solution A, 0.004 : 0.04 pg/pL; Solution B, 0.04 : 0.04 

pg/pL; Solution C, 0.4: 0.04 pg/pL; Solution D, 0.4 : 0.004 pg/pL).

Fragment inhibition studies were also carried out by Dr. Liang Zeng Yan. 

Bacteriocin activity was measured via 96-well microtiter plates. L-LeuA solution 

at two-fold dilutions, various concentrations of the 15-mer or 20-mer peptide 

fragments, and 2 pL of 16 h culture (indicator strain, Camobacterium divergens 

LV13 or Lactobacillus sake 20017) were added to each microti ter plate well 

containing 200 pL of APT broth. The microtiter plates were then incubated for 16 h

at 25°C, after which the growth of the indicator strain was measured 

spectrophotometrically at 650 nm. The culture absorbance was then plotted against 

the peptide concentration and the minimum inhibitory concentration (MIC) was 

determined directly from the graph. MIC was defmed as the bacteriocin 

concentration that inhibited the growth of the indicator strain by 50% (i.e. 50% of 

the absorbance of the control culture without bacteriocin at 650 nm). All tests were 

repeated at least once.
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Induction tests towards C. Piscicola LV17B (Bac- ). Induction studies were

performed by Dr. Liang Zeng Yan. Bac-  cells of Camobacterium piscicola LV17B

were prepared from Bac+ cells by serial one tenth dilutions (Saucier et al., 1995).

The Bac-  cells were subcultured before use and no bacteriocin was found in the 

supernatant. The medium was added to different concentrations of L-LeuA or D- 

LeuA, concentrations of the peptides in the culture medium ranged from 10 pg/mL 

to 10x2“10 pg/mL. After the culture reached full growth, the inhibitory activity of

the heat-treated supernatant (100°C for 15 min) was assayed by the spot-on-lawn 

technique, on a bacterial lawn of Camobacterium divergens LV13. Background 

bacteriocin activity, from the bacteriocin added to the culture medium, was taken 

into account when determining induction at high concentrations. The supernatant of

Bac+ culture, which induces the production of bacteriocin, was included as a

positive control and the subculture of Bac~ cells was included as a negative control.

3.3 Results and Discussion

The Bacteriocins. Over the last few years ribosomally synthesized antibacterial 

peptides produced by gram positive bacteria, in particular lactic acid bacteria (LAB), 

have attracted considerable interest as more than fifty of these so-called bacteriocins 

have been characterized (Jack et al., 1995; Nes and Holo, 2000). The bacteriocins 

of LAB usually contain between 20 and 60 residues, are cationic, hydrophobic and 

often amphipathic. The inhibitory spectrum of bacteriocins is limited to gram- 

positive bacteria and usually to strains closely related to the producer. These
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peptides have very potent bacteriocidal activity, common inhibitory concentrations 

are typically in the nanomolar range. LAB bacteriocins are classified into three 

families (Kaenhammer 1993): class I -  the lantibiotics (Guder et al., 2000), class II 

-  heat stable unmodified bacteriocins (Nes and Holo, 2000) and class III -  large 

heat labile bacteriocins. Class II, the largest class, is further divided into at least 

three subclasses, a, b and c (van Belkum and Stiles, 2000). Class Ila bacteriocins 

(Ennahar et al., 2000) produced by LAB possess considerable potential as nontoxic 

food-preserving agents (Vandenbergh, 1993) due to their effectiveness against the 

food pathogen Listeria monocytogenes. In addition to food preservation these 

antibacterial peptides show therapeutic promise in the treatment of antibiotic 

resistant bacteria (Nissen-Meyer, 1997; Tannock, 1999) and gastrointestinal 

infections (Stiles, 1996; Konings, et al. 1999).

LeuA is isolated from the fermentation supernatant of the LAB Leuconostoc 

gelidum UAL187 (Hastings et al., 1991; Hastings and Stiles, 1991) and belongs to 

the class Ila bacteriocins. Class Ha bacteriocins are distinguished from other 

bacteriocins by a conserved YGNGV motif at their N-terminal ends (see Table 3.1) 

(Klaenhammer, 1993). The YGNGV motif has been coined the Listeria active part 

of class Ha bacteriocins because it is thought to be involved in the recognition of 

Listeria monocytogenes membranes (Bhugaloo-Vial et al., 1996; Ennahar et al., 

2000). Many type Ha bacteriocins are thought to self associate, form pores and 

subsequently disrupt bacterial cell membranes (Moll et al., 1999; Ennahar et al., 

2000). However, obvious differences in bacteriocin antibacterial spectrum of action 

suggests a more specific mechanism of action (Eijsink et al., 1998). A more specific
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(or chiral) mechanism of action is supported by the observation that differences in 

spectrum of action exist despite a high sequence homology between the type Da 

bacteriocins. Therefore, high sequence homology does not necessarily imply a 

similar mode of action (Fleury, 1996; Gallagher et al., 1997; Chikindas et al., 1993; 

Jack et al., 1995) and in the case of class Ila bacteriocins, recognition of a chiral 

target may be a necessary step in the mechanism of action.

If chiral recognition is a necessary step in bacteriocin mechanism of action, it 

is safe to assume three-dimensional structure is implicated in bacteriocidal spectrum 

of action. This assumption has basis in that LeuA and the closely related class Ila 

bacteriocin camobacteriocin B2 (CbnB2), not only have different antibacterial 

spectra of action but different three-dimensional solution structures as well. Figure 

3.5 contains a superimposition of LeuA and CbnB2. These structures, as solved in 

low-dielectric solvents (Gallagher et al., 1997; Wang et al., 1999), clearly show 

similarities and differences. The peptides have very different N-terminal structures.

LeuA contains a well defmed N-terminal three-strand, antiparallel (i-sheet 

(residues 2-16) fixed by a disulfide bond whereas the disulfide bond in CbnB2 

resides in a random coil region and does not stabilize a p-sheet. On the other hand, 

the C-terminal sections of these peptides are structurally very similar. Their 

amphipathic a-helices superpose with low backbone RMSD (as is evident with Trp 

18 and Phe 22 side-chains), despite a relatively lower sequence homology than the 

N-terminal regions.
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In order to further elucidate structure-activity correlations among type Ila 

bacteriocins a series of recent experiments have produced interesting, but not always 

complimentary, results. Studies on chimeric bacteriocins where the N - and C - 

terminal sections are interchanged, indicate the C-terminus (helix) determines 

antibacterial specificity (Fimland et al., 1996). Other studies show the integrity of 

the entire sequence, including oxidized cysteines and the C-terminal tryptophan of 

mesentericin Y 10537, are all essential for full antibacterial activity (Fleury et al.,

1996). Incidentally, mesentericin Y 10537 has 95% sequence homology with LeuA 

(see Table 3.1). Chemical modifications to divercin V41 (Table 3.1) that neutralize 

the overall net positive charge, do not effect its antibacterial activity (Bhugaloo-Vial 

et al., 1999). This result suggests electrostatic interactions may be of limited 

importance to divercin V41’s mechanism of action. Similar to mesentericin Y 

10537, divercin V41 also showed a significant loss in antibacterial activity 

concomitant to a loss (reduction) of the disulfide bond. In contrast to divercin V41, 

it has been determined that electrostatic interactions govern pediocin P A -l’s (Table 

3.1) binding of the target membrane (Chen et al., 1997). Furthermore, the study 

ruled out the possibility that the conserved YGNGV motif mediates pediocin PA- 

l ’s binding of the target membrane. It is important to mention, although pediocin 

PA-1 is a class Ila bacteriocin, it contains a second disulfide bond that is not only 

essential to its bacteriocidal activity (Chikindas et al., 1993) but also likely 

destabilizes a putative C-terminal helix. Moreover, the Chikindas study also 

suggests a chiral recognition step may be necessary for pediocin PA-1 to initiate its 

bacteriocidal effects.
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D-Leucocin A. Following synthesis, D-LeuA was tested for antibacterial activity 

and for possible agonist/antagonist effects with L-LeuA against ten different strains 

of bacteria. With similar concentrations to L-LeuA, D-LeuA showed no 

antibacterial activity against any of the strains tested. This result clearly 

demonstrates that interaction with a chiral receptor molecule is a critical feature of 

the mechanism of action of this class Ila bacteriocin. D-LeuA was not able to 

antagonize the antibacterial effect of L-LeuA at any concentration tested. These 

results contrast a similar study on plantaricin A, a 26 residue bacteriocin (deficient 

in the YGNGV motif and disulfide bond -  i.e. not class Ila, see Table 3.1) isolated 

from Lactobacillus plantarum (Diep et al., 1994). Plantaricin A, similar to LeuA

and CbnB2, adopts an a-helical conformation in low dielectric solvents. Synthetic 

D - and L-enantiomers of plantaricin A, truncated by four N-terminal residues, both 

have full and equal antibacterial activity (Hague et al., 1998). The plantaricin A 

study mirrors results from enantiomer and truncation studies on cecropin A, 

magainin 2 and melittin (Merrifield, 1994; Wade et al., 1990). The truncated 

peptides and their D-enantiomers retain equal potency relative to the native 

peptides. In addition, the natural all-L-amino acid plantaricin A has a dual 

function, in that it also acts as a pheromone, i.e. induction of bacteriocin production. 

Interestingly, the D-enantiomer of plantaricin A does not show similar pheromone 

activity, but it does have the ability to inhibit the pheromone induction caused by the 

L-enatiomer. This result indicates pheromone activity is a chiral receptor-mediated 

function.
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Production of bacteriocins is accomplished either through a dedicated 

regulator (induction factor) or is self-regulated by the bacteriocin itself (Saucier et 

al., 1995). Interestingly, previous studies have shown CbnB2 and several structural

variants are able to re-establish a Bac+ phenotype in Bac-  cultures (Quadri et al.,

1997). However in the present study, we found both enantiomers of LeuA were

unable to re-establish bacteriocin production in Bac" cultures of Camobacterium 

piscicola LV17B.

Bacteriocin Fragments. Recently, a 15 residue fragment (residues 20-34) of 

pediocin PA1, was found not to show antibacterial activity but significantly 

inhibited the activity of the parent pediocoin PA1 (20-fold increase in MIC) 

(Fimland et al., 1998). These results suggest that the 15-mer interacts with a chiral 

receptor, a receptor that normally binds the same sequence on the parent bacteriocin. 

On this basis, we synthesized (with L amino acids) the following L-LeuA 

fragments: residues 18-32, 18-37 and N-Acetyl 18-37, all corresponding to the

amphipathic, a-helical region (Table 3.1). Also, a CbnB2 fragment (1-22) was 

synthesized. None of these fragments displayed antibacterial activity by themselves. 

A slight inhibition in LeuA activity was observed when equal amounts of LeuA 

fragments were mixed with LeuA, however, very little inhibition as compared to the 

pediocin PA1 fragment study. Similarly, the CbnB2 fragment did not inhibit the 

antibacterial activity of mature CbnB2. Because LeuA and CbnB2 have somewhat 

overlapping antibacterial spectra, we examined whether or not they could inhibit 

each other. Combining a 10-fold molar excess of CbnB2 with LeuA increased the
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specific activity of LeuA 2 -  to 4-fold against Leuconostoc mesenteroides 23386 and 

Lactobacillus sakei 20017 (two strains that are insensitive to CbnB2). On the other 

hand, a 1000-fold molar excess of CbnB2 to LeuA, reduced the specific activity of 

LeuA towards Camobacterium piscicola UAL26/8B by 16-fold. Since these 

bacteriocin fragments are devoid of activity, in contrast to the plantaricin A 

fragments, these findings reinforce the requirement of a chiral receptor for class Ila

bacteriocins. Whereby a putative receptor may recognize the amphipathic, a — 

helical C-terminal section of the peptide and this chiral recognition accounts for the 

potent but relatively narrow antibacterial spectrum.

Putative Bacteriocin Receptor. The data from this study supports involvement of 

a chiral interaction. Similarly, other indirect evidence points to a chiral interaction 

as well. Bacteriocin immunity maybe indirectly related to a putative bacteriocin 

receptor. Immunity proteins are co-transcribed with bacteriocins. They range in 

size from 80-120 amino acids and have low sequence homology (Eijsink et al.,

1998). In contrast to sequence homology, secondary structure predictions have

shown a high a-helical homology between the proteins (Eijsink et al., 1998). 

However, secondary structure predictions indicate the sequences do not have 

transmembrane helices, suggesting the immunity proteins are either secreted or 

remain in the cytoplasm (Bukhtiyarova et al., 1994). Evidence suggests the 

immunity proteins for CbnB2 and mesentericin Y10537, remain in the cytoplasm. It 

has been shown, that expression of the CbnB2 immunity protein within the cell 

provides immunity, however, the immunity protein applied externally does not
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confer immunity (Quadri et al., 1995). The study also indicated CbnB2 to have no 

binding affinity for its immunity protein, thereby implicating a ’third party’. 

Similarly, immunofluorescence and electron microscopy techniques have shown the 

mesentericin Y10537 immunity protein is found only in the cytoplasm (Abdel- 

Dayem et al., 1996). These studies point towards a cytoplasmic immunity protein 

that must protect the producer from inside the cell, a scenario suggested for the class 

II bacteriocin lactococcin A immunity protein (Venema et al., 1994). Since 

bacteriocins are not active until they are exported from the cell, one can assume the 

immunity protein interacts with a membrane-bound protein, more than likely the 

putative bacteriocin receptor (whose primary biological function may be unrelated).

3.4 Conclusion

Although the antibacterial spectra of LAB bacteriocins is limited, these 

peptdies show considerable promise because they are nontoxic to mammals (i.e. they 

are not hemolytic) and are much more potent than conventional antibacterial 

compounds. This study supports earlier studies that show the entire peptide is 

necessary for the full antibacterial activity of class Da bacteriocins. More 

importantly, by way of the unnatural D-enantiomer of LeuA (see Figure 3.6), we 

have demostrated a requirement for interaction with a chiral receptor molecule is a 

key step in LeuA mechanism of action. This affords a unique possibility for future 

antibiotic development. Incidentally, recent genetic experiments on bacteriocin 

resistance provide circumstantial evidence that the protein components of the sugar 

phosphotransferase systems (PTS) may be the target of these peptides (Gravesen et
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al., 2000; Ramnath et al., 2000).
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Table 3.1 Sequences of Bacteriocins and Peptide Fragments

Peptide1 ---------------- — Sequence2---------------------------

CbnB2 VN YGNGV SCSKTKCSVN WGQAFQERYTAGINSFVSGVASGAGSIRRRP

Frag. 1 VN YGNGV SCSKTKCSVN WGQAF

LeuA KY YGNGV HCTKSGCSVN WGEAFSAGVHRLANGGNGFW

Frag. 2 WGEAFSAGVHRLANGGNGFW

Frag.3 WGEAFSAGVHRLANG

MesYl05 KY YGNGV HCTKSGCSVN WGEAASAGIHRLANGGNGFW

PedPA-1 KY YGNGV TCGKHSCSVD WGKATTCIINNGAMAWATGGHQGNHK

DivV41 TKY YGNGV YCNSKKCWVD WGQASGCIGQTWGGWLGGAIPGKC

PlntA KLLAYSLEMGATAIKEVKKLFKKWGW

1. CbnB2 = camobacteriocin B2; Frag. 1 = 1-22 of camobacteriocin B2; LeuA = 
leucocin A; Frag. 2 = 18-37 of leucocin A (note: an N-terminally acetylated variant was 
also tested); Frag. 3 = 18-32 of leucocin A; MesY105 = mesentericin Y10537; PedPA-1 = 
pediocin PA-1; DivV41 = divercin V41 and PlntA = plantericin A.
2. Sequences are aligned by the common YGNGV motif.
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Figure 3.1. D-LeuA HPLC trace
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Figure 3.2. D-LeuA electrospray mass spectrum
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Figure 3.3. HPLC trace of a 1:1 mixture of L-LeuA and D-leuA
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Figure 3.4. CD spectra of D- and L-Leu A in 90% TFE/10% H20. •  = 0.1 mM D- 
LeuA; ■ -  0.5 mM D-LeuA; ♦ = 0.1 mM L-LeuA and ▲ = 0.5 mM L-LeuA.
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Figure 3.5. LeuA and CbnB2 superimposition. Clearly visible are the differences in 
N-terminal structures
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LeuA (left). The helical wheels illustrate opposite amphipathic faces.



Chapter 4*

Probing the Structural Determinants and Conformational Space of 
Type II* (3-turns

4.1 Introduction

(3-turns were first recognized in the late 1960’s by Venkatachalam 

(Venkatachalam, 1968). They are now known to be common structural motifs 

comprising up to 25% of all residues in folded proteins and peptides (Mattos et al.,

1994; Wilmont and Thornton, 1988; Kabsch and Sander, 1983). (3-turns also appear 

to play important roles in stabilizing tertiary structure, initiating folding and in 

facilitating intermolecular recognition (Wilmont and Thornton, 1988). Because of 

their critical importance in protein structure there has been considerable interest in

designing (3-turns and (3-turn mimetics that may improve biological activity or 

enhance bioavailibility.

Simply stated, a (3-turn causes a reversal in direction of the peptide

backbone. The (3-turn itself is usually the product of a strategically placed four- 

residue sequence (denoted i to i+3), between two secondary structural elements. 

The residues that make up a (3-turn are typically amino acids with strong turn- 

forming propensity that allow the polypeptide backbone to adopt a conformation

♦This chapter has been submitted as a paper by Gibbs, A.C., Hodges, R.S. and 
Wishart, D.S.
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where the Ccii to Cai+3 distance is less than 7.0 A (Richardson, 1981; Lewis et al., 

1973). Turn-forming propensity involves a number of intra- and inter-residue 

(local) interactions, the details of which are not yet fully understood (Rose et al.,

1985). Depending on the classification used, up to 10 different types of p-turns

have been identified and classified. Lewis (Lewis et al., 1973) classified p-turns 

into 10 distinct types I, I’, II, II’, HI, m \  IV, V, VI, and VII, while Richardson

(Richardson, 1981) later reclassified (3-turns into 6 distinct types I, I’, II, II’, Via, 

VIb and a random category IV. With each type of (3-tum having a distincdy 

different influence on local (3-sheet properties such as: hydrogen-bond register, fi

shed twist, P-sheet stability and (3-sheet nucleation rates.

In order to systematically study the influence of (3-turns on {3-hairpin

formation and stability, a well-defined and preferably small (3-hairpin model is

essential. Unlike the a-helix, where various peptide models have revealed much 

about the energetics and dynamics of this structure (Zhou et al., 1992; Chakrabartty 

and Baldwin, et al., 1995; Munoz and Serrano, 1995; O’Neil and Degrado, 1990;

Rothemund et al., 1995; Kohn et al., 1998; Lavigne et al., 1996), (3-hairpin models

have not been as readily forthcoming (Gellman, 1998). Recently, several (3-hairpin

and P-sheet models have emerged including: peptide mimetics (Kemp, 1990; Diaz 

et al., 1993; Nowich et al., 1996; Ripka et al., 1993), natural occurring small 

proteins (Smith et al., 1994), artificial proteins (Richardson and Richardson, 1987),
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protein fragments (Blanco et al., 1994; Maynard et al., 1998) and model P-hairpin 

peptides (Blanco et al., 1993; Sharman and Searle, 1998; Dortemme et al., 1998;

Schenck and Gellman, 1998; Das et al., 1998). One particularly appealing P- 

hairpin model is based on gramicidin S (GS) and its synthetic analogs (see Chapter 1 

and 2). In GS the type II’ P-tums are composed of residues LdFPV (i to i+3 

respectively). This peptide model has several important advantages in that GS

analogs can be readily synthesized, the P-hairpin structure is highly populated and 

this structure is largely solvent and solute independent. Furthermore, GS peptides 

are highly water soluble and exhibit a low propensity to aggregate (i.e., they are 

monomeric) (Wishart et al., 1996). These favorable properties have allowed us to 

systematically investigate, via NMR and CD spectroscopy, the influence of amino

acid substitutions on P-hairpin formation and P-sheet periodicity on a series of 

variable length (6, 8, 10, 12 and 14 residue) analogs (Gibbs et al., 1998).

To extend our studies on P-hairpin formation and stability, we have chosen

to explicitly examine the role of the P-tum. More specifically, we wish to

investigate the role of amino acid substitutions in type O’ P-tum propensity and P~

hairpin propensity using various substituted GS analogs. The type II’ P-tum is also

known as a ’mirror image’ turn or a diastereomer of the more common type II P- 

tura. Due to this diastereotopic relationship, type II’ and type II turns have identical

<(> and \jr angles but with opposing signs. It is important to note, that while type II

and type II’ P-turas are mirror image equivalents, they are not energetically
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equivalent -  especially if they are composed of chiral amino acids (Rose et al.,

1985). As it turns out, type I’ and type II’ P-tums have a much higher propensity

for (3-sheet nucleation than either type I or type II p-tums. This different 

propensity may result from the fact that the natural twist of these turns is more 

compatible with the left handed twist of an antiparallel P-sheet composed of L - 

amino acids (Wilmont and Thornton, 1998).

For this study we selected a 14 residue cyclic analog of GS (the naming 

scheme used for the peptides in this study is based on the i+1 and i+2 residues -

Table 4.1), which has previously shown to exhibit a very stable p-hairpin structure

with two ’ideal’ type II’ P-tums. Ten different analogs were synthesized with 

amino acid substitutions being limited to the i+1 and/or i+2 positions of just one of 

the turns (designated as Turn 1). These substitutions were specifically chosen to 

answer questions about the effects of chirality, side chain steric interactions and

side-chain/side-chain interactions on type II’ P-turn formation. All peptides were 

characterized by CD and ‘H-NMR spectroscopy and the solution structures fully 

determined using conventional NMR and computational methods (Wurthrich, 1986). 

The results of these structural studies show some very clear and somewhat expected 

trends which should help broaden our understanding of the local interactions that

determine type II’ P-tum stability and P-hairpin formation.
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4.2 Materials and Methods

Peptide Synthesis. All peptides listed in Table 4.1 were synthesized either 

manually or with an Applied Biosystems 430A automated peptide synthesizer. 

Standard solid phase peptide synthetic techniques using t-butyloxycarbonyl (Boc) 

chemistry and Boc-Pro-phenylacetamidomethyl resin were used as previously 

described for other GS analogs (Wishart et al., 1996). Following cleavage from the 

resin with anhydrous hydrogen flouride, the linear 14 residue peptides were 

subsequently purified via reversed-phase HPLC using a Zorbax C-8 preparative 

column. The solvent system used in all purifications was a linear 0.33%/min 

acetonitrile/water gradient in the presence of 0.05% trifluoroacetic acid as a counter 

ion. C to N terminal cyclizations were performed with orthogonally protected 

formyl lysine, at peptide concentrations of 1-2 mg/ml in N,N-dimethylformamide. 

Cyclization was driven by using three equivalents of: benzotriazole-1- 

yloxytrisphosphonium hexafluorophosphate (BPO), 1-hydroxbenzotriazole hydrate 

(HOBT) and diisopropylethylamine (DIEA). After completion of the cyclization 

reaction (3 hours), the formyl protecting groups were removed using 10% 

hydrochloric acid in methanol at 310 K (16 hours). The peptides were identified 

and tested for homogeneity with a Fisons VG Quattro triple quadrupole electrospray 

mass spectrometer and a Beckman System Gold analytical reversed-phase HPLC, 

following a final reversed-phase HPLC purification.

NMR Spectroscopy. All NMR experiments were performed using a Varian VXR- 

500 or a Unity INOVA 500 MHz NMR spectrometer. The peptides were dissolved

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in 500 pi of 90% H2O/10% D20  yielding solutions having 1-2 mM concentrations. 

All peptide samples were subsequently sonicated with a Branson 2210 sonicator for 

2-5 minutes to ensure maximum solubility. 0.1 mM 3-(Trimethylsilyl)-l- 

propanesulfonic acid (DSS) was added as an internal chemical shift reference. The 

sample pH was maintained between 4.5-5.5. All spectra were collected at 298 K, 

unless otherwise stated. Individual residue spin systems were assigned using 

TOCSY (Bax and Davis, 1985) and spectra were collected with spin-lock (MLEV- 

17) mixing times ranging from 30-60 ms. Sequential residue assignments were 

made from NOESY (Jeener et al., 1979; Kumar et al., 1980) and ROESY (Bothner- 

By et al., 1984; Kessler et al., 1987) experiments collected with mixing times of 150 

ms and 250 ms respectively. All 2-D ‘H-NMR spectra were collected with 256 ti 

increments and 6000 Hz spectral widths. Shifted sinebell squared weighting and 

zero filling to 2K x 2K was applied before Fourier transformation. J-View, an in- 

house curve fitting program, was used to measure 3J h n h a  coupling constants from 1- 

D ‘H-NMR spectra. Amide proton temperature coefficients were measured from 1- 

D ‘H-NMR spectra collected in 10 K increments from 298 K to 318 K.

Structure Generation. Interproton distance restraints were derived from through- 

space interactions observed in the NOESY and ROESY spectra Assigned 

resonances were grouped into three families and given upper-distance bounds of 

1.8-3.0 A (strong), 1.8-4.0 A (medium) and 1.8-5.0 A (weak), based on crosspeak 

intensity. Amide proton temperature coefficients were used to identify hydrogen 

bond donors. N H -0 distances were calculated from secondary shifts measured for
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amide protons using a 1/r relationship (Wishart et al., 1991). The NH-O distances 

provided an additional 6 intra—strand HN-0 and 6 N -0  distance restraints for

peptides exhibiting some p-sheet content as judged by the Chemical Shift Index 

(Wishart et al., 1992) and amide temperature coefficients (<5 ppb/K) (Wuthrich,

1986). The 3J h nh a  coupling constants determined from 1-D !H-NMR spectra were

converted to <J> angles via a recently re-parameterixed version of the Karplus 

equation (Wang et al., 1997). The Chemical Shift Index (CSI) was used to 

determine ijr angle restraints. CSI values of +1, 0, -1  corresponding to vjr ranges of

120°+/- 30°, -40°+ /- 180° and -60°+/- 40° respectively were used. Backbone to 

angle restraints were set to 180°. An additional aromatic side chain restraint was 

added to peptides that showed significant (>  0.2 ppm) ring current anisotropy on the

neighboring imino acid in the type 11’ P-tum region. Specifically a Xi restraint of 

130° +/- 20 was added to all tyrosine residues that exhibited this anisotropy. The

tyrosine %i restraint was determined by calculating the i+2 residue chemical shifts 

using both emperical and ab initio (magnetic shielding tensors) methods. By 

calculating the chemical shifts at 5° intervals, it was possible to determine the

position (+/- 20°) of the aromatic ring QCi) relative to the i+2 residue.

Substructure embedding was used to generate an initial ensemble of distance 

geometry, energy minimized atomic coordinates as implemented in X-PLOR v3.8.5 

(Brunger, 1992). Following generation of the embedded ensemble of 20 structures, 

simulated annealing regularization and refinement was performed using 8,000 high-
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temperature steps followed by 4000 cooling steps. Structures having no interproton 

distance restraint violations greater than 0.5 A and no torsion angle violations 

greater than 5° were used as input for further refinement against proton chemical 

shifts (Kuszewski et al., 1995) and 3J hnha coupling constants. During this final 

refinement stage, 500 steps of Powell energy minimization was performed with 

3J hnha coupling constant and ‘H chemical shift force constants of 1.0 Kcal/mol/Hz 

and 7.5 Kcal/mol/ppm, respectively. Average structures were calculated from a 

final ensemble of 2 0  accepted structures, after chemical shift and 3J hnha coupling 

constant refinement.

Molecular Dynamics. Representative structures of dPRO-PRO (high P-sheet

content), dPHG-PRO (moderate P-sheet content) and GLY-GLY (low P-sheet 

content) were individually solvated in rectangular boxes with an average of 700 SPC 

(Berendsen et al., 1981) water molecules. 10 nanosecond unrestrained molecular 

dynamics simulations were performed using GROMACS v2.0 (Berendsen et al., 

1995) with the following parameters: Weak individual coupling of peptide and

solvent to a bath of constant temperature (300 K) with a coupling time Tt of 0.1 

picoseconds. Pressure coupling to a pressure bath (reference pressure 1 bar) with a

coupling time Tp of 1.0 ps. The SETTLE (Miyamoto and Kollman, 1992) algorithm 

was used to constrain water bond lengths and angles.

Structure Evaluation. The structure validation program VADAR v3.0 (Wishart et 

al., 1997) was used to examine the quality of the final ensembles. MolMol v2k
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(Koradi et al., 1996) was used to visualize, superimpose and calculate root-mean- 

square deviation (RMSD) values for all structural ensembles.

Circular Dichroism Spectroscopy. CD spectra were recorded at 298 K on a Jasco 

J-500C spectropolarimeter using 0.02 cm path length quartz cells. The CD spectra 

are averages of four scans, collected at 0.1 nm intervals between 190 and 250 nm. 

The peptides were prepared at concentrations of 1 mg/ml with pH ranging from 4.5-

5.5. Ellipticity is reported as mean residue ellipticity [6], with approximate errors of 

+/- 10% at 220 nm.

4.3 Results and Discussion

Rationale for GS model. The study of P-turns and p-tum propensity is 

particularly challenging because it is often difficult to separate distal effects from 

proximal or local effects. Looking at the statistical preferences of residues involved

in P-tums in proteins does not allow one to ascertain whether the absence or

abundance of certain residues in P-tums is a consequence of the secondary or 

tertiary structural preferences of neighboring residues or of the entire protein. The 

only way to remove these distal or context-dependent influences from P-tums is to 

look at P-tums (and P-hairpins) in isolation. The ideal way to do this would be to 

prepare a synthetic P-hairpin in which the hairpin portion (i.e., the P-sheet) is 

always preserved (for this peptide model, we will use the terms P-hairpin and P- 

sheet interchangeably). Our approach has been to create a constrained P-hairpin
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peptide model in which the N and C terminus of the p-hairpin have been covalently 

linked and the two P-strands brought into proper register.

An advantage to creating a permanent P-hairpin is that we greatly increase 

the number of compact or ’folded’ states available to the peptide. This allows us to 

detect and measure structural properties (P-sheet content, 0 and \|f angles, NOE’s, 

hydrogen-bonds, etc.) that might otherwise be too poorly populated or to fleeting to 

detect in an unrestrained peptide. As we will show (vide infra) by preferentially 

populating structured states we make the model far more sensitive to perturbations

in P-tum propensity and consequendy, P-sheet content. In other words, the range

of P-sheet content in these peptide models extends from -5% to 90% (ie: a 20 fold 

difference) as opposed to -10% to 20% (2 fold) in unrestrained linear peptides 

(Blanco et al., 1993; Sarman and Searle, 1998; Dortemme et al., 1998).

The use of a covalent constraint to force a chain reversal is not new to 

peptide engineering (DeGrado et al., 1999). Disulfide bonds are ffequendy used to 

bring two distal peptide segments in close proximity. However, disulfide bonds do

not necessarily favor nor do they ensure the formation of antiparallel P-strands. 

Indeed the geometry of disulfide bonds strongly disfavors the alignment and 

backbone orientation necessary for hydrogen bond formation and consequendy P~

sheet stabilization. In contrast, type II’ P-turns always provide the appropriate 

geometry, topological twist and in-register peptide alignment to consistendy form
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P-hairpins (Rose et al., 1985). In this regard the substitution of a type II’ P-tum in 

place of a disulfide bond essentially acts as a ’covalent hydrogen bond’ that strongly

favors P-hairpin formation. With its two type II’ P-tums, GS (and its synthetic

analogs) offers the opportunity to systematically investigate P~tum formation and

p-tum propensity by changing only one of the two turns. By choosing to modify 

only a single turn in these peptide constructs we were able to preserve the ’pseudo- 

hydrogen bond’ constraint provided by the second type II’ P-tum, thus mimicing an

extended P-sheet This constraint ensures that the two strands in the hairpin would 

always be in close proximity and that if a hydrogen bonding network or antiparallel

P-sheet were even remotely capable of forming that it would have a high probability 

of doing so.

Design of peptide constructs. We designed our p-hairpin peptides such that a 

systematic series of substitutions at the i+1 and i+2 residues of Turn 1 (residues 6 

and 7, see Table 4.1) could be made to maximize synthetic and comparative 

efficiency. In particular we used the second turn (Turn 2) as a within-peptide 

control (and structural anchor) while the first turn (Turn 1) served as the variable. 

In order to answer questions regarding the influence of side-chain steric restriction,

chirality and side-chain/side-chain interactions on type II’ P-tum formation and 

stability, we used a variety of coded and non-coded amino acids (see Figure 4.1). 

Specifically, D-proline (at i+1) and two other proline analogs, 3,4-dehydroproline 

and pipecolic acid (at i+2) were used to study N-alkylation and steric restriction.
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Glycine, sarcosine, D/L-tyrosine and D/L-proline were used to study achiral, 

homochiral and heterochiral backbone effects. And, finally, side-chain/side-chain 

interactions were explored with D-threonine, D-tyrosine, D-proline and D - 

phenylglycine substitutions (at i+1).

Assessing P-sheet content and stability. In evaluating the influence of various

amino acid substitutions on P-tum stability, we hypothesized that total P-sheet 

content would serve as a good proxy for measuring the stabilizing influence that 

each residue or combination of residues would have on the type II' P-tum. In 

particular, residues that strongly stabilized the type II' P-tum would likely reinforce 

the P-sheet structure and increase the P-sheet content while residues that

destabilized the type H’ p-tum would likely disrupt or destroy the antiparallel P~ 

sheet structure. In this regard, small changes in stabilization energy or residue

geometry at the type II’ P-tum of interest would be expected to be amplified 

throughout the length of the peptide and be detectable as measurable changes in

overall P-sheet content. We chose to assess P-sheet content both qualitatively and 

quantitatively using CD, NMR and measurable molecular dynamics parameters. 

These are summarized in Table 4.1.

CD spectra were recorded for all GS analogs then divided into three groups 

(based on ^ -N M R  P-sheet content measurements); high, moderate and low P- 

sheet content (Figure 4.2). Peptides with high (> 67%) P-sheet content include,
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dTYR-PRO, dTYR-DHP, dTYR-PIP, dPRO-PRO and dTHR-PRO. The

moderate (30% -  36%) P-sheet content peptides include SAR-SAR and dPHG—

PRO while the GS analogs with low (< 12%) p-sheet content include, TYR-PRO,

GLY-GLY and dTYR-dPRO. The low P-sheet content peptides exhibit the 

characteristic random coil CD spectra with a single strong m in im u m  at 200 nm

(Brahms and Brahms, 1980). The peptides with high P-sheet have the characteristic 

double minimum (205 nm and 223 nm) of native GS (Izumiya et al., 1979). While 

this is sometimes mistaken for a helical CD spectrum, the GS spectrum is dominated

by a strong absorption band at 205 nm arising from its type II’ P-tum and probable 

aromatic side-chain interactions (Rose et al., 1985). Note that this 205 nm band is 

somewhat reduced for the two peptides (dPRO-PRO and dTHR-PRO) with one less 

aromatic side-chain. The other m in im u m  at 223 nm is characteristic of peptides

with P-sheet content. As seen in the middle panel, the peptides with moderate P - 

sheet content exhibit a reduced 223 nm band relative to the 205 nm band. Because

of the complex influence of side-chain interactions and the unconventional P-sheet

CD spectrum seen for these peptides we did not attempt to quantify their P-sheet 

content through detailed CD spectral analysis.

‘H-NMR is a much more accurate method for quantitatively measuring 

peptide secondary structure and conformation (Wishart et al., 1991; Wishart et al.,

1992). To more fully characterize their P-sheet content and three-dimensional 

solution structures, all 10 GS analogs were assigned and a near complete set of
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through space 'H -'H  coupling (NOE) data and 3J hnha coupling constants collected, 

see Tables 4.3-4.12. Dihedral and distance-restrained structural ensembles were 

further refined against proton chemical shifts to produce ’fit’ structures with low (<

0.5 A) backbone RMSD’s for the high P-sheet content peptides (see Figure 4.3 for a

typical high P-sheet content analog). Table 4.13 contains the structural statistics for 

all 10 GS analogs. Chemical shift refinement was justified as a strong correlation

between experimental and empirically calculated (Case, 1995) lysine a  proton 

chemical shifts was observed.

In order to provide internal consistency two ‘H-NMR parameters were used 

in the calculation of P-sheet content (Table 4.1), lysine a  proton chemical shifts and 

lysine 3J hnha coupling constants. These parameters where chosen because it is well

recognized that a  proton chemical shifts and 3Jhnha coupling constants are sensitive 

indicators of backbone dihedral and secondary structure (Wishart et al., 1991;

Wishart et al., 1992). Lysine residues were used for P-sheet content measurements 

as these residues are the only residues not associated with either Turn 1 or Turn 2 

and they are solely in the ’strand’ regions comprising four of the six ’strand’ 

residues. By using a parametric average, internal consistency is maintained by 

limiting the effects of inaccuracies such as the inherently lower precision of 3J hnha 

coupling constant measurements (Ramirez-Alvarado et al., 1999).

Our 'H-NMR derived classification of high, moderate and low P-sheet
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content accurately describes the peptides with high and low percent P-sheet

content, i.e., P-sheet and random coil conformations, respectively. However, the 

meaning of a moderate (30% -  36%) class is a little more nebulous. What is meant 

by moderate (-30%) P-sheet content? Does it mean that the peptide has a full 

length P-sheet that is present only 30% of the time? Or does it mean that the

peptides have a very stable P-sheet that is half as long as expected? Or is it a 

combination of both? One way to answer these questions is to monitor the motions 

of these peptides over a sufficiently long period of time to assess when, where and

how the P-sheet changes (if at all). Using our NMR structures for the initial set of 

atomic coordinates, we calculated relatively long (10 nanosecond), fully solvated, 

unrestrained molecular dynamics trajectories on representatives from the high

(dPRO-PRO), moderate (dPHG-PRO) and low (GLY-GLY) P-sheet classes. 

Figure 4.4 compares the number of intramolecular hydrogen bonds over time (left 

panels), derived from molecular dynamics trajectories, with snapshots of typical 

structures for the representative peptides (right panels). Only the final 8 

nanoseconds of the molecular dynamics simulations are shown as the first 2 

nanoseconds are required for system equilibration. By quantitating the number of 

intramolecular hydrogen bonds over this length of time we clearly see that there is a 

significant difference between the (temporal) average number of hydrogen bonds

between the high, low and moderate P-sheet classes. In particular, we see an 

average of 5.4 hydrogen bonds in the dPRO-PRO construct, 4.2 hydrogen bonds in 

the dPHG-PRO construct and just 2.6 hydrogen bonds in the GLY-GLY construct.
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Furthermore, the hydrogen bonds in the GLY-GLY analog are not well correlated

nor are they necessarily sequential (a requirement for P-sheet formation) so they do

not likely indicate the formation of any detectable P-sheet Based on these 

molecular dynamics data, we can conclude that those peptides with a moderate

amount of P-sheet content exhibit a dynamic cycling of roughly half the maximum

number of intramolecular hydrogen bonds. While most of the P-sheet is limited to 

the region around Turn 2, this hydrogen bond network is both dynamic and

extensible and so we are led to conclude that the P-sheet values we obtain from our 

NMR studies are actually a combination of both temporal and conformational 

averages.

Effects of backbone chirality. It has been known for some time that backbone

chirality plays an important role in defining the conformational space for P-tum 

formation (Rose et al., 1985). However, it has only been relatively recently that 

good inroads have been made into characterizing the detailed effects of chirality on

P-tum formation (Gibbs et al., 1998; Aubry et al., 1985; Haque et al., 1994, 1995, 

1996; Gardner et al., 1995; Stranger and Gellman, 1998; Raghothama, 1998). These 

studies have established the principle of backbone heterochirality as a driving force 

for specific types of turn nucleation. Furthermore, the degree to which backbone 

chirality helps define a turn depends on the type of turn. For example most ’non 

mirror-image’ turns readily form with homochiral (all L or all D amino acids in the 

i+1 and i+2 positions) backbones. Mirror-image turns, on the other had, require
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backbone torsion angles which are most easily adopted by heterochiral backbones (a 

D, L or L, D combination of amino acids at the i+1 and i+2 positions). This is 

shown by the fact that D amino acids at the i+1 position are known to increase type

IT P-tum propensity. No doubt backbone chirality does not act alone in defining 

the allowed conformational space for all types of turns. Properties indirectly related 

to chirality which may also participate in turn formation include: side-chain/side- 

chain interactions, side-chain/backbone interactions and backbone/backbone 

interactions, where these interactions may be electrostatic or hydrophobic in nature.

We studied the effects of backbone chirality by substituting various D, L and 

achiral amino acids at positions i+1 and/or i+2 of Turn 1. Two analogs in particular 

led to an achiral modification at Turn 1, the GLY-GLY and SAR-SAR peptides. 

Glycine is conformationally the least restricted of all the amino acids. It was our 

intention to measure whether or not this conformational freedom was, in itself,

enough to allow torsion angles for a type II’ P-tum at Turn 1. The expectation was

that if conformational freedom alone was indeed enough for type II’ (3-turn

formation then a peptide with a high percent P-sheet content would be formed.

As shown in Table 4.1, the GLY-GLY analog actually has the lowest 

percent P-sheet of all the peptides. This is further illustrated by backbone 

conformational data in Table 4.2, where the GLY-GLY Turn 1 and Turn 2 torsion 

angles are found to be far from the idealized values for type II’ p-tums (where three
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angles are allowed to deviate by up to 30° and one angle up to 45°). The Ca* to

Coti.3 distances in the GLY-GLY peptide are all greater than 7 A, which is

substantially different than distances of 4.6 A typical for type II’ P-tums. 

Interestingly, based on empirical data (Hutchinson and Thornton, 1994), the 

glycine-glycine sequence has the highest propensity of the coded amino acids for

forming type I’ P-tums. However, a type I’ P-tum was not detected in this GLY- 

GLY analog, possibly due to Turn 2’s opposing synperiplanar geometry (Muller, 

1996). Synperiplanar turn geometry would direct sheet twisting in opposing 

directions.

Sarcosine, the N-subsituted non-coded amino acid, occupies positions i+1 

and i+2 of Turn 1 in the SAR-SAR analog. The conformational freedom of 

sarcosine is somewhat hindered by steric interactions of its N-methyl group and the 

presence of this methyl group renders sarcosine devoid of an HN donor for 

secondary structure stabilization. Conformational analysis via quantum chemical 

calculations performed on d i- and tri-peptides containing sarcosine (Mohle and 

Hofmann, 1998), have shown that type II and type Via turns are stabilized while

type I P-tums are destabilized. Our results suggest a sarcosine-sarcosine sequence

does not promote type II’ p-tum stabilization, as indicated by SAR-SAR’s very low

P-sheet content (Table 4.1). SAR-SAR’s slightly higher P-sheet content over 

GLY-GLY may be due to transient hairpin formation around Turn 2. Average 

torsion angles in Turn 2 (Table 4.2), are much closer to idealized type H’ P-tum
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values than those of Turn 1.

Other peptides showing low (3-sheet content are the two homochiral analogs, 

dTYR-dPRO and TYR-PRO. These analogs are the only diastereomeric isomers 

of the model dTYR-PRO peptide, each differing only at one chiral center. This 

difference clearly illustrates the necessity for heterochiral i+1 and i+2 residues in 

order to fulfill type II’ -turn torsional angle requirements as only those peptides

with two heterochiral turns have significant P-sheet content

The apparent necessity for heterochirality for type II’ (3-turn stabilization is

directly related to side chain orientation. Rose (Rose et al., 1985) points out that (3- 

turas are essentially quasi 10 membered rings (see Figure 4.5). The i+1 and i+2 side 

chains orient either axially or equatorially on the 10 membered ring, with respect to 

the plane of the turn, depending on chirality. The configuration of the i+1 and i+2 

residues will direct the axial (up or down) or equatorial disposition of the side

chains. Interestingly, for type I, I’, II and II’ P-tums the i+1 residue side chains 

adopt an equatorial orientation and the i+2 residue side chains adopt an axial 

orientation. With i+1 and i+2 configurations of L-L, D-D, L-D and D-L amino

acids one can direct the formation of type I, I’, II and II’ P-tums, respectively. The

peptides in this study with high P-sheet content all exhibit D—L heterochirality with

i+1 equatorial and i+2 axial side chain orientation. A representative P~tum from the 

dTYR-PRO ensemble is shown in Figure 4.5, where the characteristic equatorial
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i+1 and axial i+2 side chain orientation is quite pronounced.

Effects of backbone steric restriction by N-substitution. Amide N-substitution 

has been shown to affect the allowed torsional space of peptide backbones and, more 

specifically, secondary structural forming propensities of a m in o  acids (Hohle and 

Hofmann, 1998; Chalmers and Marshall, 1995; Takeuchi and Marshall, 1998). 

Proline (the only N-substituted coded amino acid) has arguably the strongest turn- 

forming propensity of all amino acids and has been statistically shown to occupy, to 

a large degree, both the i+1 and i+2 position of various turns (Hutchinson and 

Thornton, 1994). This high turn-forming propensity is due to the restricted

conformational space of its <{> and \|f angles which, in turn, is a product of its intra

residue 5 member pyrrolidine ring. L-proline typically adopts <j> angles of

approximately -65° +/- 15°, making it ideal for type I and type II turns whose <J>i+i 

angles are close to -60°. A similar rationale can be developed for the use of L -

proline at position i+2 for type II’ P-tums as <j> angles of approximately -80° are 

preferred.

Due to the restricted torsion angle propensities of proline, we believed it 

would be desirable to investigate the effects of ring size and ring strain on type II’

P-tum stabilization. Consequently, we made substitutions at i+2 using different 

sized/strained proline analogs in order to observe intra-residue ring strain on

allowed torsional space and assess the affects on type II’ P-tum formation. The 

proline ring analogs used in this study are pipecolic acid and the relatively strained
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3.4-dehydroproline (Figure 4.1). With a six-membered ring, pipecolic acid was 

expected to have slightly more conformational freedom than proline because of its 

three allowable puckering modes (chair, boat, chair) and very low angle strain.

3.4-dehydro proline on the other hand, with a near planar five-membered ring, 

should be more sterically restricted as it is unable to pucker to the same degree as

proline. Therefore, it should have a much smaller 0 range.

Previous studies using pipecolic acid and 3,4-dehydroproline as proline 

homologs to probe the roles of ring size on protein function have been reported

(Zhao et al., 1996). Pipecolic acid derivatives have also found roles as P-tum 

mimetics (Chung et al., 1998; Wu and Raleigh, 1998, 1998). Takeuchi and Marshall 

report strong nucleation of reverse turns when using pipecolic acid at position i+2 of 

model tetrapeptides based on Monte Carlo conformational searches using AMBER 

(Takeuchi and Marshall, 1998). Thermodynamic data highlight the differences in 

local conformational propensities of proline and pipecolic acid and indicate that 

pipecolic acid can have significant structural and kinetic differences. Our results 

support this conclusion as we found pipecolic acid, when substituted at position i+2,

to have high P-tum nucleation propensity.

Among the sterically restricted substitutions, the dPRO-PRO analog has the 

highest p-sheet content of all ten GS analogs. As might be expected, the D - 

proline-L-proline sequence rigidly Exes the backbone dihedral angles to type II’ P~ 

tum space. By contrast, the 0 and \\f torsional angles adopted by the dTYR-PIP

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



analog (Table 4.2) exhibit far-from-ideal type IT P-tum values. In fact, the angles

are closer to that of a type IE P-tum which has typical values of <J>i+i = -60°, -

-30°, <>i+2 = -60° and \ j/i+2 =  -30°. Interestingly, this torsional preference allows for a

close-to-ideal Coti to C a ^  distance of 5.2 A, thus leading to a very stable 14

residue P-hairpin. This dTYR-PIP analog is the only example in our study which

accommodated a non type II’ p-tum at Turn 1. dTYR-DHP, containing 3,4-

dehydroproline at position i+2 of Turn 1, also displays high P-sheet content. It 

appears (Table 4.2) that the conformational restriction in 3,4-dehydroproline leads

to very similar <|> and y  angle limits as proline, regardless of its higher ring strain. 

The RMSD of the 3,4-dehydroproline residue over the twenty lowest energy 

dTYR-DHP conformers is very low (0.13 A) indicating little puckering and 

inherendy rigid torsional space (see Figure 4.6). As for 3,4-dehydroproline, it

appears ring pucker has negligible affect on restricting the $ angle space. These data

indicate that 3,4-dehydroproline acts as a good type IT P-tum constraint and

pipecolic acid, unexpectedly, acts as a good type m  P-tum constraint.

The only N-alkylated non-proline homolog (not alkylated by its own side 

chain) used in this study was sarcosine. As mentioned above, the SAR-SAR analog

contains two sarcosine amino acids in Turn 1. The <)> torsion angles adopted by 

SAR-SAR do not approach those of proline’s so it can safely be assumed that side 

chain N-alkylation restricts torsional space much more than simple N-methylation.
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This suggests that N-methylation of i+1 and i+2 cannot be used as a type IT P—turn 

constraint

Effects of side chain interactions. One of the more interesting observations to 

arise from this work was the detection of an aromatic side-chain/side-chain 

interaction between the i+1 and i+2 residues among those turns with a stable type II ’ 

conformation (Figure 4.7). This interaction, which could not be detected through 

NOE measurements or earlier X-ray studies is manifested as a strong ring current 

effect arising from the phenolic tyrosine ring (i+1) coming in close proximity to the

proline (or proline analog) side chain (i+2). Proline and proline analog 8 proton

shifts are the most dramatically affected, followed by the y and P protons. These 

protons show a definite upfield shift compared to random coil proline chemical 

shifts (Wishart et al., 1992) and the degree of shielding observed depends on the 

distance from and angle to the plane of the aromatic ring.

This is the first description of an aromatic-proline interaction associated 

with type IT P-tums, although a similar interaction with i-1 proline-aromatic 

sequences has been observed for type Via turns (Nardi et al., 2000; Nardi et al., 

1997; Demchuk et al., 1997). It was hypothesized that this interaction stabilizes a

cis peptide bond and may also offer an explanation behind type Via to type VIb P~ 

tura interconversion (Demchuk et al., 1997). The local interaction observed in our 

peptides may play a similar role in stabilizing the tight torsion angles of the turn. 

The interaction may be a consequence of van der Waals forces, and/or electrostatic
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attraction between the partial charges on the aromatic ring and pyrrolidine/piperidine 

rings. Electrostatic interactions between the aromatic ring and the imide nitrogen 

may also participate in some way (Wu and Raleigh, 1998 a; 1998 b).

Although Turn 1 contained the variable sequence in this family of peptides

and dictated the formation (or deformation) of the cyclic P-hairpin, we also notice a

strong correlation with the unmodified Turn 2 and P-sheet content, see Figure 4.8.

More specifically, a correlation with P-sheet content and Turn 2 52-83 proton 

chemical shift separation (anisotropy arising from the ring current) is evident It is

apparent that if Turn 1 causes a deformation of the P-sheet, there is subsequent 

disruption of the aromatic-proline interaction at Turn 2, to varying degrees.

4.4 Conclusions

There can be little doubt that local sequence effects are the primary causal

factor for P-hairpin formation (Alba et al., 1997, 1999). To elucidate some of the 

structural details that determine type II’ P-tum formation, we chose to examine the

roles of chirality, side chain effects and N-substitution on type II’ P-tum formation. 

Although it is obvious from our results that no single physical property is 

independently responsible for type II’ P-tum formation, we can draw some 

important conclusions about the primary contributing factors.

It is clear that chirality, namely heterochirality, is an essential requirement
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for type IT P-tum formation. The achiral GLY-GLY analog, with its free 

rotational barriers, is not able to adopt or stabilize type II’ P-tum. This is also true

for the achiral SAR-SAR analog. Homochirality, as shown by the low P-sheet 

content found with the dTYR-dPRO and TYR-PRO analogs, is also not conducive 

to type IT P-tum stabilization. Our results clearly support the ’equatorial-axial 

rule’ first postulated by Rose (Rose et al., 1985) that suggested only heterochiral 

backbones are able to adopt side chain orientations of equatorial (for the i+1 residue)

and axial (for the i+2 residue) necessary for type II’ P-tum formation. According to 

our P-sheet content measurements, the heterochiral Turn 1 analogs have at least 

67% P-sheet content. The difference between the ’background’ P-sheet content of 

-12% (average P-sheet content of achiral and homochiral analogs) and the

minimum P-sheet content formed from the heterochiral analogs, is -60%. 

Therefore, we can conclude that proper heterochirality accounts for -60% of type II’ 

P-tum stabilization.

Side chain steric interactions and side chain orientation also influence type

II’ P-tum stabilization. The dTHR-PRO analog contains proper heterochirality at 

Turn 1, however it lacks the aromatic side chain. dPHG-PRO on the other hand, 

has an aromatic side chain and proper Turn 1 heterochirality. However both analogs 

lack the favorable aromatic/proline interaction. Obviously threonine is unable to 

accommodate an aromatic side chain interaction with proline due to its lack of an 

aromatic ring. Nevertheless, the differences with the dPHG-PRO analog are more
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subtle. Phenylglycine contains a (3, as opposed to y (as in tyrosine), aromatic ring 

which is surprisingly insufficient for an aromatic/proline interaction. Because these 

two analogs lack the favorable arotnatic/proline interaction in both turns, a certain

degree of {3-hairpin destabilization exists. The difference between the maximum

(76%) {3-sheet content of these two constructs from the minimum {3-sheet content

aromatic/proline construct (67%) is -10%. Based on the percent {3-sheet content of 

these two analogs, it appears proper side chain interactions accounts for -10% type 

IT {3-turn stabilization.

Free rotational barriers are not a contributing factor to type IT {3-turn 

stabilization. On the contrary, rigid, static rotational barriers are. Side chain steric 

restriction (through N-alkylation) is a convenient way to minimize 0 angle 

rotational space. Unequivocally, proline is the best example of this. Our results 

indicate the proline homologs, pipecolic acid and 3,4-dehydroproline, are equivalent

to proline in torsion angle space and thus are as good as proline for type II’ {3-turn 

stabilization. Analogs with L-proline (or a proline analog) at position i+2 of the 

turn and/or D-proline at position i+1, have a predisposition to form a (3-tum. The 

dPRO-PRO analog indicates that D-proline is even better than an aromatic amino 

acid at the i+1 position for type II’ {3-tum stabilization. However, it is important to 

mention N-methylation (as in SAR-SAR) does not appear to be a strong type II’ {3- 

tum promoter. Instead N-methylation seems to enhance type II and type Via {3-
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turn formation (Mohle and Hofmann, 1998). The percent 0-sheet difference

between dTHR-PRO (lowest of the high 0-sheet content peptides) and the all 

proline dPRO-PRO construct, is -20%. These results show that D-proline (i+1), 

pipecolic acid and 3,4-dehydroproline act as excellent type II’ 0-tum promoters and

may account for up to 20% type II’ (3-turn stability (assuming that proper chirality 

restrictions are fulfilled). Overall these results provide one of the first detailed

analysis of type II’ (3-turn formation. We believe this information could be 

particularly useful for the de novo design of peptides, proteins and peptidyl 

mimetics.
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Table 4.1 Sequence and Percent P-Sheet Content of GS analogs

Analog2 ----------Turn 1----------
dTYR-PRO Val-dTyr-Pro-Leu
dTYR-DHP6 Val-dT yr-Dhp-Leu
dTYR-PIP6 V al-dTyr-Pip-Leu
dPHG-PRO6 Val-dPhg-Pro-Leu
dPRO-PRO Val-dPro-Pro-Leu

dTHR-PRO Val-dThr-Pro-Leu
GLY-GLY Val-Gly-Gly-Leu
SAR-SAR6 Val-Sar-Sar-Leu

dTYR-dPRO Val-dTyr-dPro-Leu
TYR-PRO Val-Ty r-Pro-Leu

Residue Number 1 2  3 4
Turn Position i i+1 i+2 i+3

Sequence
------------- Turn 2-------------

-Lys-Val-Lys- Leu-dTy r-Pro-Val- 
-Lys-Val-Lys- Leu-dTyr-Pro-Val- 
-Lys-Val-Lys- Leu-dT yr-Pro-V al- 
-Lys-Val-Lys- Leu-dTy r-Pro-Val- 
-Lys-Val-Lys- Leu-dTyr-Pro-Val- 
-Lys-Val-Lys- Leu-dTyr-Pro-Val- 
-Lys-Val-Lys- Leu-dTyr-Pro-Val-  
-Lys-Val-Lys- Leu-dTy r-Pro-Val- 
-Lys-Val-Lys- Leu-dTy r-Pro-Val- 
-Lys-Val-Lys- Leu-dTy r-Pro-Val- 

5 6 7 8 9 10 II

i i+1 i+2 i+3

% P-sheet
A8J M h n h a 4 Average5

Lys-Leu-Lys 74 78 76
Lys-Leu-Lys 75 63 69
Lys-Leu-Lys 100 72 86
Lys-Leu-Lys 37 34 36
Lys-Leu-Lys 79 100 90
Lys-Leu-Lys 72 61 67
Lys-Leu-Lys 12 0 6
Lys-Leu-Lys 21 39 30
Lys-Leu-Lys 0 23 12
Lys-Leu-Lys 0 0 0
12 13 14

1. All peptides are cyclic. Cyclized through N and C termini, residues 1 and 14.
2. The peptides are named after the modified i+1 and i+2 residues of turn 1.
3. % P-sheet (A5) = (average Lysine a  proton chemical shift -  Lysine random coil a  proton chemical shift) /  (maximum Lysine a  proton chemical 

shift -  random coil a  proton chemical shift) x 100.
4. % P-sheet ( M h n h a )  = (average Lysine M h n h a  -  Lysine random coil ] J h n h a )  /  (maximum Lysine j J h n h a  -  average Lysine M h n h a )  xlOO.
5. % P-sheet (Average) = P-sheet (A8) + P-sheet (’Jhnha) /  2.
6. DHP = 3,4 dehydro proline, PIP = pipecolic acid, PHG = phenylglycine, SAR = sarcosine.



Table 4.2 Turn Torsion Angles1

Analog 0 (i + 1) V (i +1) 0 (i +2) V (i +2) C a i -  Ca i 
Distance

Type II’ turn1 60 -120 -80 0 4.6
dTYR-PRO Turn 1 38 -118 -77 25 5.1

Turn 2 44 -101 -60 -15 4.9
dTYR-DHP Turn 1 42 -123 -83 22 5.3

Turn 2 32 -90 -54 -39 5.0
dTYR-PIP Turn 1 -12 -74 -55 -38 5.2

Turn 2 40 -101 -93 -8 5.2
dPHG-PRO Turn 1 54 -110 -66 -9 4.9

Turn 2 36 -96 -60 -15 4.9
dPRO-PRO Turn 1 29 -130 -87 16 5.3

Turn 2 36 -103 -89 -10 5.1
dTHR-PRO Turn 1 48 -145 -60 -5 5.5

Turn 2 43 -100 -63 -26 5.0
GLY-GLY Turn 1 90 70 28 -92 8.5

Turn 2 171 -127 -64 147 7.3
SAR-SAR Turn 1 132 158 164 n o 8.2

Turn 2 45 -177 -60 -17 6.9
dTYR-dPRO Turn 1 -45 78 56 -117 7.0

Turn 2 81 -154 -54 -108 7.2
TYR-PRO Turn 1 -71 -151 -49 176 7.8

Turn 2 141 -148 -65 -126 7.8

1. Values derived from the average structure o f a 20 peptide ensemble.
2. Idealized type II’ 3-tum  phi and psi angles (Lewis et al., 1973). Cutoffs o f 30° deviation from these 
angles with one angle allowed to deviate by 43° constitutes a type II’ 3-tum.
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Table 4.3. lH-NMR Assignments (ppm) for dTYR-PRO

Amino Acid

Vail

dTyr2

Pro3

Leu4

Lys5

Val6

Lys7

Leu8 

dTyr9 

Pro 10

Valll

Lysl2

Leul3

Lysl4

HN

8.50

8.89

7.69

8.29

8.65

8.47

8.58

8.74

7.58

8.33

8.69

8.41

Ha
4.18 

4.62

4.41

4.44

4.79

4.31

4.66

4.54

4.66 

4.40

4.19 

4.74

4.57

4.77

HP
1.94

3.06.2.91

1.89

1.69

1.64

1.98

1.87

1.46

3.02.2.92 

1.92

2.12

1.65

1.53

1.86

Other

Y0.87,0.80 

2,6H 6.91 

3,5H 6.63 

yl.62, 1.62 

83.59, 2.55 

yl.50, 80.89, 

0.81 

yl.28,81.41 

£2.95 

yO.85,0.85 

yl.37,81.67 

£3.01 

Yl.36,80.85, 

0.85 
2,6H 6.88 

3,5H 6.60 

yl.67, 1.67

83.66, 2.71 

y0.88,0.88

yl.25,51.40 

£2.93 

yl.53,80.83, 

0.83 

Yl.37, 1.37

81.67, £3.00

3J hnh a  (Hz) 

8.91 

4.06

8.06

9.77

9.40

7.93

9.16

4.64

8.54

9.15

9.16 

7.81
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Table 4.4. ‘H-NMR Assignments (ppm) for dTHR-PRO

Amino Acid HN Ha HP Other
Vail 8.56 4.26 2.00 Y0.90,0.83

dThr2 8.67 4.44 4.06 yl.25
Pro3 4.56 2.25, 2.09 yi.9i, 1.91 

83.98, 3.78
Leu4 7.73 4.45 1.71 Yl.56, 80.91, 

0.86
Lys5 8.27 4.76 1.67 Y127,81.42 

£2.93
Val6 8.60 4.30 1.97 Y0.85,0.85
Lys7 8.38 4.74 1.84 Yl- 35,81.63 

e2.96
Leu8 8.54 4.54 1.47 Yl.35, 80.83, 

0.83
dTyr9 8.70 4.66 3.01, 2.92 2,6H 7.14 

3,5H 6.86
Pro 10 4.43 1.96, 1.89 Yl.75, 1.69 

83.67, 2.72
Valll 7.57 4.18 2.14 Y0.89,0.89
Lysl2 8.28 4.76 1.63 Yl.27,81.42 

e2.93
Leul3 8.65 4.55 1.50 Yl.35,80.84, 

0.84
Lysl4 8.44 4.65 1.86 Yl.36,81.66 

e3.01

3Jhnha (Hz)

7.32

7.33

8.43

8.74

8.79

7.87

7.33

8.61

8.44

7.70
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Table 4.5. 'H-NMR Assignments (ppm) for dTYR-DHP

Amino Acid

Vail

dTyr2

Deh3

Leu4

Lys5

Val6

Lys7

Leu8 

dTyr9 

Pro 10

Vail 1 

Lysl2

Leul3

Lysl4

HN

8.60

8.82

7.67

8.23

8.55

8.41

8.51

8.66

7.57

8.29

8.50

8.38

Ha

4.53

4.62

5.03

4.37

4.29

4.28

4.60

4.50

4.65

4.41

4.16 

4.31

4.17 

4.68

HP 
1.51 

3.01, 2.94

Other 

VO.81, 0.81
2,6H 7.12 

3,5H 6.84 

5.86 Y5.75,54.33,

3.52

1-63 yi.48, 50.86,

0.75
1 66 yi.25, 51.40

e2.92 

1 96 y0.83, 0.83

1 82 yl.34, 51.63

£2.99

1-42 yl.33,50.82,

0.82
2.98,2.90 2,6H 7.12

3,5H 6.80 
1.93, 1.89 yl.74, 1.68

2.10

1.63

2.10

1.83

83.66, 2.75 

y0.87,0.87 

yl.23,51.38 

62.91 

yl.91,50.86, 

0.75 

yl.35,51.63 

£2.98

3Jh n h a(H z)

7.69

3.00

8.24

8.97

8.06

7.59

3.19

8.42

8.60

7.87
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Amino Acid

Vail

dPhg2

Pro3

Leu4

Lys5

Val6

Lys7

Leu8 

dTyr9 

Pro 10

Valll

Lysl2

Leu 13 

Lysl4

Table 4.6. lH-NMR Assignments (ppm) for dPHG-PRO

HN j jo t  HP Other 3Jh n h a (H z )

8.28 4.10 1.88 y0.73,0.73

8.88 5.60 2,6H 7.03 2.77

3,5H 7.35 

4H 6.75

4.38 2.07, 1.93 y i.83 ,1.83,

83.85, 3.38

8.31 4.37 1.48 yl.32,80.77,

0.73
8.31 4.45 1.73 yl.28,81.55

e2.85

832 4.18 1.90 yO.77,0.77

8.16 4.56 1.61 yl.21,81.34 7.69

e2.88

7-83 4.36 1.65 yl.48,80.84, 7.69

0.76
8.48 4.74 2.86,2.86 2.6H7.04 3.29

3,5H
4.31 1.86, 1.66 y l.66 ,1.66

83.59,2.78

7.56 4.04 2.00 yO.79,0.79 8.06

8.20 4.56 1.58 yl.18,81.31 7.32

£2.85

8.40 4.39 1.44 yl.44,80.74, 7.69

0.74
8.25 4.53 1.77 yl.29,81.56 7.33

£2.88
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Table 4.7. ‘H-NMR Assignments (ppm) for dPRO-PRO

Amino Acid

Vail

dPro2

Pro3

Leu4

Lys5

Val6

Lys7

Leu8 

dTyr9 

Pro 10

V alll

Lysl2

Leul3

Lysl4

HN

8.61

7.70 

8.21

8.68

8.41

8.59

8.71

7.39

8.19

8.75

8.31

Ha

4.38

4.37

4.41

4.38 

4.80

4.23

4.72

4.48

4.51

4.31

4.10

4.78

4.49

4.76

HP
1.87

Other 

yO.78,0.71

2.21,2.03 yl.93, 1-78

83.77, 3.44 

2.15,1.99 y l-8 0 ,1.80

83.86,3.62 

1.66 y l-44 ,80.80,

0.73
1.59,1.51 y1 17, 81.31 

£2.82 

Y0.74,0.74 

yl-26 ,81.51 

£2.93 

yl.24, 80.82, 

0.74
2.93, 2.78 2,6H 7.03

3,5H 6.76 
1.76, 1.86 yl-63, 1.57

1.84

1.77

1.41

2.03

1.53

1.40

1.73

83.58,2.51 

Y0.77,0.77 

Yl. 12,81.28 

£2.79 

Yl-21, 80.71, 

0.71 

Yl-21, 1.29 

81.53, £2.86

3J h n h a  (Hz) 

10.26

8.79

10.62

8.98

8.24

9.70

3.12

8.79

10.43

8.61

7.88
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Table 4.8. ‘H-NMR Assignments (ppm) for dTYR-dPRO

Amino Acid

Vail

dTyr2

dPro3

Leu4

Lys5

Val6

Lys7

Leu8 

dTyr9 

Pro 10

Valll

Lysl2

Leul3

Lysl4

HN

8.73

8.11

8.17

8.20

7.97

7.94

8.46

8.27

7.51

8.02

8.54

8.20

Ha

3.91

4.18

4.34

4.19

4.31

4.26

4.26

4.32 

4.23 

4.30

4.00

4.22

4.26 

4.25

HP 
1.76 

3.03, 2.70

2.18, 1.91 

1.72 

1.70

1.82

1.67

1.57 

2.91,2.79 

1.96, 1.79

1.87

1.48

1.67 

1.64

Other 

yO.59,0.59 

2,6H 7.04 

3,5H 6.73 

y l.7 8 ,1.78 

83.72,3.47 

yl.27 ,80.62, 

0.62 

Yl.56,81.35, 

1.26, 62.85 

Y0.74,0.74 

Yl.26,81.56 

62.87 

Yl.44,80.76, 

0.76 

2,6H 7.06 

3,5H 6.74 

Yl.71, 1.71 

83.58,3.09 

Y0.77,0.77 

Yl.05,81.24 

e2.87 

Yl.50, 1.28 

80.74,0.74 

Yl.27,81.53 

e2.78

3J hnha(H z )

7.51

6.41

9.15

7.15

7.32

8.79

8.14

8.24

6.96

7.87

7.15
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Amino Acid HN Ha

Vail 8.17 4.09

Gly2 8.70 3.89,3.77

Gly3 8.36 3.89,3.80

Leu4 7.88 4.36

Lys5 8.27 4.26

Val6 8.19 4.15

Lys7 8.19 4.39

Leu8 8.19 4.33

dTyr9 8.42 3.90

Pro 10 4.34

Valll 7.68 4.01

Lysl2 8.25 4.49

Leul3 8.23 4.26

Lysl4 8.28 4.41

3J hnha(H z )

7.88

62.89 

yO.78,0.78 

yl.27,51.67

6.04

7.88

6.14

62.87 

yl.32,50.81, 

0.78
1-66 yl.27,51.57

e2.89

Table 4.9. ‘H-NMR Assignments (ppm) for GLY-GLY

HP Other

1-92 yO.82,0.82

1-59 yl.48,50.81

0.79

1-70 yl.33,61.49

1.93 

1.86

e2.91

1-67 yl.27,50.73,

0.73
2.89 2,6H 7.06

3,5H 6.77 
1.86, 1.67 yl.67, 1.23

53.59, 2.91 

2 00 yO.82,0.82

1-64 yl.24,51.56

1.58
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Amino Acid

Vail

dTyr2

Pip3

Leu4

Lys5

Val6

Lys7

Leug

dTyr9 

Pro 10

Valll

Lysl2

Leul3

Lysl4

Table 4.10. ‘H-NMR Assignments (ppm) for dTYR-PIP

HN Ha HP Other 3Jhnha (H z )

8.52 4.07 1.83 yO.82,0.74 9.34
9.07 4.86 3.04,2.82 2.6H7.08 2.50

3,5H 6.80
5.01 2.13,1.38 yl.24,1.11

80.93,0.02 

83.58,2.82
7.67 4.43 1.63 yl.49,80.82 9.34

80.78
8.26 4.93 1.60 yl.17,81.33 8.79

e2.83
8.71 4.22 1.88 yO.76,0.76
841 4.74 1.8 yl.28,81.54 7.96

£2.93
8 59 4.41 1.43 yl.27,80.74, 8.97

0.74
8.70 4.54 2.95,2.82 2,6H 7.06 2.95

3,5H 6.78
4.37 1.89, 1.80 yl.65,1.57

83.59,2.57
7.43 4.07 2.06 yO.82,0.79 8.97
8.21 4.95 1.59 yl.33, 1.16 9.34

81.55
871 4.45 1.44 yl.23,80.82

80.78
8.32 4.95 1.73 yl.21,81.54 7.90

£2.89
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Amino Acid 

Vail 

Sar2 
Sar3 

Leu4

Lys5

Val6

Lys7

Leu8 

dTyr9 

Pro 10

Vail 1 

Lysl2

Leu 13 

Lysl4

Table 4.11. 'H-NMR Assignments (ppm) for SAR-SAR

HN H a HP Other 3J h n h a ( H z )

838 4.23 1.99 yO.84,0.84 10.45

4.24,4.01 N-Me 3.22

424,4.12 N-Me 3.15

7 87 4.42 1.69 yi.60,80.90,

0.90
8 08 4.27 1.67 yl.27, 81.38 7.10

e2.99

8.24 4.00 2.04 yO.93,0.89 8.45

8 31 4.54 1.70 yl.29, 81.42 8.65

£2.96

8-40 4.40 1.67 yl.38,80.84,

0.80
8.55 4.48 3.15,2.84 2.6H7.13 5.35

3,5H 6.84
440 1.93 yl.78, 1.72

83.67, 2.87

7 68 4.14 2.08 yO.92,0.88 8.35

8-35 4.53 1.72 yl.31,81.43 8.25

£2.95

8-47 4.44 1.55 yl.38,80.85,

0.82
825 4.42 1.78 yl.35,81.68 6.50
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Table 4.12. lH-NMR Assignments (ppm) for TYR-PRO

Amino Acid HN H a HP Other

Vail 7.70 4.05 2.00 yO.79,0.79
Tyr2 8.32 4.10 2.87 2,6H 7.04 

3,5H 6.72
Pro3 4.36 2.14,1.88 yl.72, 1.72 

83.65, 3.42
Leu4 7.64 4.11 1.69 yl.39,50.69, 

0.63
Lys5 8.04 4.17 1.71, 1.65 yl.28, 1.32 

81.43 £2.84
Val6 7.76 4.06 1.99 Y0.84, 0.84
Lys7 8.18 4.27 1.73, 1.63 Yl.30,81.34 

£2.88
Leu8 8.04 4.34 1.56 yl.43,80.77, 

0.73
dTyr9 7.71 4.40 2.80 2,6H 7.02 

3,5H 6.72
Pro 10 4.26 1.91, 1.81 yl.67, 1.62 

83.56, 2.92
Valll 7.91 3.93 1.89 Y0.80,0.80
Lysl2 8.10 4.12 1.65, 1.58 yl.23,81.31 

£2.86
Leul3 7.92 4.27 1.65 yl.36,80.78, 

0.73
Lysl4 8.31 4.40 1.68, 1.55 Yl-21,81.28 

£2.80

3J hnha ( H z )

8.61

7.51

7.51

7.33

7.32

6.34

5.77

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 4.13 Structural Statistics for GS analogs

dPRO-PRO dTYR-PIP dTYR-PRO dTYR-DHP dTHR-PRO
Ebond1 4.31 + /-0 .56 3.74 + /- 0.74 1.21 + /-0 .32 10.03 + /- 0.6 4.34 + /-  0.50

Eangle1 22.78+ /- 1.99 28.79 + /- 3.07 12.01 + /- 1.36 70.8+ /- 1.71 24.17+/-3 .05

Eimproper1 3.84 + /-  0.86 4.85 + /- 0.62 1.13+/-0.29 67.91 + /- 0.99 5 .56+ /-0 .94

Ecdih' 1.20 + /- 0.52 2 .19+ /- 0.78 0.29 + /- 0.28 1.82 + /-0 .24 1.84+/-0.55

Enoe1 17.99 + /-  5.60 18.82 + /-4 .12 8.29X10-2 + /- 9.56xlO"2 11.13+/- 1.51 31.59 + /-3.91

RMSD-bond2 4.07x10’’+ /- 

2.58xl0"4

3.71xHT’ + /- 

3.61xl0"4

2.11x10-’ + /- 

2.7163xl0-4

6.15x10-’ + /- 

1.83xlO-4

4.09x10-’ + /-  

2.40x1 O’4

RMSD-angle2 0.55 + /-  2.37xl0-J 0.61 + /- 3.20X10-2 0.39 + /-2.24xl(T 2 0.97+ /- 1.17xlO“2 0.57 + /-  3.59xlO"2

RMSD-improper2 0.46 + /-  5.07x1 O'2 0.49+/-3.18x1 O'2 0 .24+ /-3 .03x l(r2 1.54+/- 1.25xl0-2 0.55 + /- 4.73xl0’2

RMSD-cdih2 0 .78+ /-0 .12 0 .94+ /-0 .16 0 .29+ /-0 .15 0.86 + /- 5.76xl0-2 0 .87+ /-0 .13

RMSD-noe2 6 .18+ /-

9.41xl0-5

5.93xlO'2 + /-  

6.28x10-’

7.46 + /-  

5.63x10’

7.63xlO-2 + /- 

5.19x10-’

9.84xl0"2 + /-  

6.06x10-’

Evdw ave.1 66.99 + /-  9.39 151.50+/-9.24 64.47 + /- 6.48 98.39 + /- 11.18 105.71 + /-  10.91

NOEviol. > 0.2 A 2.85 + /-  0.73 2.50 + /- 0.98 0 1.70+/- 0.71 5 .00+ /- 1.26

NOEviol. > 0.5 A 5 00xl0-J + /- 0.22 0 .1 0 + /-0 .3 0 0 0 5,OOxlO"2 + /-0 .22

NOEviol. > 1.0 A 0 0 0 0 0

RMSD2 (heavy) 0.67 0.77 1.11 0.77 1.03

RMSD2 (backbone) 0.37 0.34 0.48 0.28 0.56

1. Energies are reported in Kcal mol-1 p us or minus the standard deviation.
2. RMSD’s are reported in A plus or minus the standard deviation.
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Table 4.13 Structural Statistics for GS analogs

dPHG-PRO SAR-SAR GLY-GLY dTYR-dPRO TYR-PRO
Ebond* 7 .8 2 + /- 0.51 5.52 + /- 1.09 12.77+/-3.58 2.99 + /- 0.58 2.29+/-0 .71

Eangle1 61 .76+ /- 1.58 28.61 + /- 3.67 60.34 + /- 6.02 23.69+/-4.11 15.37+/-3.44

Eimproper1 7.52 + /- 0.76 3.27 + /- 0.96 13.98 + /-6 .41 3 .62+ /- 1.05 1.79 + /-0 .88

Ecdih1 1.89+ /- 0.41 0.56 + /- 0.52 0.11 + /-0 .27 3.80xl0-2+/-0.11 3.44X102 + /-0 .12

Enoe1 8 .49+ /-2 .17 12.86 + /-2 .I7 2 .53+ /-3 .13 17.97 + /- 3.67 6.93 + /-  7.78

RMSD-bond2 5.45x10-’ + /- 4.68x10"’ + /- 7.16x10-’ + /- 3.33x10-’ + /- 2.89x10-’ + /-

1.75xl0"4 4.42xl0"4 9.98x1 O'4 3.36xl0-4 4.30xl0-4

RMSD-angle2 0.91 + /-  1.I6X10-2 0 .64+ /- 3.95x1 O'2 0 .9 3 + /-4.75xl0-2 0.56 + /- 4.74xl0-2 0.45 + /- 4.89X10-2

RMSD-improper2 0 .6 4 + /-3 .3 Ix l0 -J 0.45 + /- 5.87xl0-2 0.88 + /-  0.20 0.42 + /- 6.09xl0-2 0 .3 0 + /-6.55X10-2

RMSD-cdih2 0 .8 9 + /- 0.10 0.69 + /- 0.29 0 .17+ /-0 .28 8.59xl0"2 + /- 0.18 7.57xl0'2 + /- 0.18

RMSD-noe2 6.10xl0"2 + /- 0 .13+ /- 5.83xlO"2 + /- 0.21 + /- 8.96xlQ-2+ /-

7.10xl(T2 1.04xl0"2 5.42xl0-2 2.19xl0"2 5.94X10-2

Evdw1 ave. 205.66 + /-  9.78 176.15+/- 16.23 152.56 + /- 38.30 98.83 + /- 20.29 85.45 + /- 12.08

NOEviol. > 0.2 A 1.35 + /-0 .48 1 .30+/-0 .56 0.35 + /- 0.48 2.45 + /-  0.59 0.70+ /-0 .71

NOEviol. > 0.5 A 0 0 0 0 0 .15+ /-0 .36

NOEviol. > 1.0 A 0 0 0 0 0

RMSD2 (heavy) 0.81 2.62 3.11 3.02 3.08

RMSD2 (backbone) 0.31 1.41 2.04 1.59 1.68ino
1. Energies are reported in Kcal mol-1 p us or minus the standard deviation.
2. RMSD’s are reported in A plus or minus the standard deviation.
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Figure 4.1. Amino acids at positions i+1 and i+2 in both Turn 1 and Turn 2. PIP = 
pipecolic acid, DHP = 3,4 dehydroproline, PRO = proline, TYR = tyrosine, PHG = 
phenylglycine, GLY = glycine, SAR = sarcosine and THR = threonine.
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Figure 4.2. See next page.
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Figure 4.2. The panels on the left contain CD spectra for the high (>67%) P-sheet 
content peptides. ♦ = dTYR-DEH, A = dPRO-PRO, •  = dTYR-PIP, ■ = dTYR-PRO, 
▼ = dTHR-PRO. These curves contain a second maxima between 220-225 nm. 
Note: the two ‘irregular’ shaped curves belong to the Turn 1 aromatic-less constructs, 
dPRO-PRO and dTHR-PRO. The middle panel contains CD for the moderate (30 -  
36%) P-sheet content peptides. •  = dPHG-PRO, ■ = SAR-SAR. The bottom panel 
conatins CD spectra for the low (< 12%) P-sheet content peptides. ■ = dTYR-PRO, ♦ 
= TYR-PRO, the far UV wavelengths were unattainable for the GLY-GLY construct. 
The panels on the right contain the NMR derived ensemble (20 structures) for the 
corresponding high (dPRO-PRO), moderate (dPHG-PRO) and low (GLY-GLY) P- 
sheet structures.
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Figure 4.3. A typical low backbone RMSD of a high P-sheet content peptide. A 20 
structure ensemble of dPRO-PRO is shown.
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Figure 4.4. The panels on the left contain molecular dynamics trajectories for 
representative high (dPRO-PRO), moderate (dPHG-PRO) and low (GLY-GLY) 
0-sheet content peptides. The trajectories show the number of intramolecular 
hydrogen bonds formed (every 10 picoseconds) over the last 8 nanoseconds (8000 
picoseconds). The first 2 nanoseconds are not shown as this is the equilibration time 
for these peptides. The panels on the right are atomic coordinate ’snapshots’ at 5580 
picoseconds. A twisted 0-sheet is clearly visible for the dPRO-PRO construct 
along with a random coil structure for the GLY-GLY construct.
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i+1 i+2
i+2 Axial

H i

Equatorial -«

Ax

i+3

Figure 4.5. On the left, the P-tum illustrating the pseudo 10 membered ring and the 
Equatorial (i+1) and Axial (i+2) side chains. The panel on the right shows a side 
view of a turn from a representative dTYR-PRO structure. The equatorial tyrosine 
(i+1) and the axial proline (i+2) side chain orientations are very distinct.
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3,4-dehydroproline

Figure 4.6. A side-chain superimposition of the minimal 3,4-dehydroproline ring 
pucker, imparted from the 3,4 unsaturation.
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Figure 4.7. The aromatic/proline interaction. A chemical shift refined dPRO-PRO 
structure (side view), with a schematic representation of the tyrosine anisotropy cone 
of the i+1 residue in Turn 2. The inset has a close view of the turn with labeled i+2 
proline protons, illustrating the spacial proximity of side chains. The 83 hydrogen 
lies almost directly under the aromatic ring and is thus shielded the most.
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Figure 4.8. The correlation between percent (3-sheet content (black bars, left axis) 
and geminal, 8 proton proline chemical shift anisotropy (gray line, right axis). The 
amount of separation between the two geminal 8 hydrogens of Turn 2 (in ppm), 
shows a strong correlation with the amount of overall (3-sheet content. This 
difference in 8 proton anisotropy is related to the amount of deformation in the fi
shed, or more specifically the amount of instability in Turn 2. With decreasing (3- 
sheet content, the tyrosine side chain loses optimal equatorial:axial (i+1, i+2) 
interaction and i+2 experiences less anisotropy.
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Chapter 5*

Folding and Unfolding of Small Cyclic fi-sheet Peptides (GS 
Analogs)

5.1 Introduction

The as-yet unsolved link between protein sequence and prtoein structure is 

the basis for what has become known as the protein-folding problem (Honig, 1999; 

Dobson et al., 1998). This problem actually consists of two primary parts (Munoz et 

al. 1998): 1) understanding how sequence determines structure and 2)

understanding the kinetics and mechanisms of protein folding. It is the latter area 

where recent experimental and computational techniques have made significant 

inroads in the study of protein folding. Some techniques that have seen recent 

application in the study of protein folding include: Nuclear Magnetic Resonance 

(NMR) (Dobson et al., 1994; Balbach et al., 1995; Dyson and Wright, 1998; Dobson 

and Hore, 1998), laser induced temperature-jump methods (T-jump) (Munoz et al. 

1997; Hagen and Eaton, 2000) and molecular dynamics (MD) simulations (Karplus 

and Sali, 1995; Ferrara et al., 2000). In this study we have combined both 

experimental (T-jump and NMR) and theoretical methods (MD) to help elucidate

the mechanism and kinetics of ̂ -hairpin structure folding and unfolding.

* This chapter is part of an ongoing collaboration with Dr. Brian Dyer and Shelia 
Maness from the Los Alamos National Lab.
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One approach to studying protein folding and unflolding involves the use of 

engineered protein models or protein fragments (Munoz et al. 1998; Eaton et al.,

1997). The information gained from model peptides is important, as these systems 

are thought to correspond to structural elements found at various times during the 

folding process. Furthermore, the relative simplicity of these small structural 

elements, compared to large proteins, allows a more detailed study of their

formation and stability (Dinner et al., 1999). Model a-helical peptide systems, both 

synthetic and natural, have been used extensively over the last 40 years to study the 

kinetics of helix formation (Williams et al., 1996; Thompson et al., 1997). In

contrast, there have been very few p-hairpin models developed to study the kinetics

of (J-sheet formation.

Recently, however, a linear P-hairpin model has been shown to be amenable

to the study of P-sheet folding and unfolding (Munoz et al. 1997). This particular

P-hairpin model is a 16 residue fragment isolated from the C-terminal of the Ig- 

binding domain of protein G (sequence -  GEWTYDDATKTFTVTE). The peptide 

contains the intrinsic fluorophore tryptophan, hence fluorescence spectroscopy can 

be used to monitor folding reactions of this peptide using temperature jump (T- 

jump) experiments. Thermodynamic parameters have been measured (following a

laser induced 15° C T-jump) yielding a AH = -11.6 kcal/mol and a AS = -39

cal/mol/K for the folding transition. These results indicate the peptide contains P - 

sheet content of approximately 80% at 278 K and less than 10% at 360 K. These
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thermodynamic results were subsequently used to determine the kinetics of folding

(T f= 6  us). This folding time is about 30 times slower than that of a-helix formation 

in peptide systems of similar size (Williams, et al. 1996).

Although the study by Munoz, et al. has elucidated much about the kinetics 

of P-hairpin formation, the exact mechanisms of P-sheet formation are still unclear.

Debate has ensued concerning the mechanism of P-hairpin formation, with evidence 

to support two commonly held views (Kolinski, et al. 1999). One view is that the 

initial step in folding is the formation of the P-tum (Munoz, et al. 1998) followed 

by intrastrand hydrogen bond formation. The other view posits that the initial step 

in folding is a hydrophobic collapse, followed by folding interactions propagating

outward to create a P-hairpin (Dinner et al., 1999). Further experimental data is

needed to test these views and resolve questions concerning the mechanism of P~ 

hairpin formation.

To shed more light on the mechanism of P-hairpin formation and folding,

we have chosen to use a cyclic P-hairpin model. Our model is based on gramicidin 

S (GS) and its synthetic analogs (Wishart et al., 1996; Kondejewski et al., 1996). 

The analogs used in this study are summarized in Table 5.1. GS is a cyclic,

amphipathic decapeptide composed of two evenly spaced type II’ P-turas separated

by an antiparallel P-sheet. This peptide model is well suited to study P-hairpin

formation and stability because GS analogs can be readily synthesized, the P-hairpin
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structure is highly populated and this structure is largely solvent and solute 

independent (Wishart et al., 1996). Furthermore, since these peptides are

amphipathic and contain two (J-turns (Gibbs et al., 1998) they are thought to have

the three key physical attributes important to {3-hairpin formation (see Figure 5.1). 

The first feature is a hydrophobic face or site. The GS analogs used in this study 

actually contain two hydrophobic sites, the hydrophobic face of the peptide

(containing Leu and Val residues) and the (3-tum (containing Val, Tyr, Pro and Leu

residues). The second feature is a P-tum, actually two type II’ {3-turns in this case.

By using the GS P-hairpin model in a combination with experimental data 

from T-jump ER, NMR and MD computer simulations, it was our expectation that 

these data would help answer important questions about the formation of P-hairpins.

We have selected three P-hairpin (6, 10 and 14 residue) GS analogs (Table 5.1), that 

have previously been characterized via CD and NMR spectroscopy (Gibbs et al.,

1998), to use as model P-hairpin fragments. T-jump kinetic data show an 

unexpectedly fast relaxation and subsequent refolding rate. This appears to be 

orders of magnitude faster than the P-hairpin found in the linear protein G fragment. 

These results prompted us to use MD in an effort to determine how peptide

structure, during the folding reaction, influences the rate of P-hairpin folding.

5.2 Materials and Methods

Peptide Synthesis and Purification. All three peptides were synthesized on an
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Applied Biosystems 430A automated peptide synthesizer using standard t- 

butyloxycarbonyl (Boc) chemistry on 2Q—Z-PAM resin. Orthogonally protected

Boc-e-formyl lysine was used instead of Boc-e-2Cl-Z lysine to prevent 

complications arising from the cyclization process. Following synthesis, peptides 

were cleaved from the resin with anhydrous HF in the presence of 10% anisole and 

2% 1, 2-ethanedithiol. The crude linear peptides were purified prior to cyclization 

using reversed-phase HPLC on a Synchropak RP-4 preparative C-8 column. 

Cyclizations were performed at peptide concentrations of 2 mg/mL in N,N- 

dimethyformamide using 3 equivalents each of benzotriazoyl N-oxytri- 

dimethylaminophosphonium hexafluorophosphate, 1-hydroxybenzotriazole and 

diisopropylethylamine. Cyclization was complete after 12 hours. Then, after 

cyclization, the formyl protecting group was removed by heating the peptide to 37 

°C in 10% methanolic HC1 for 24 hours. The resulting cyclic peptides were purified 

by reverse phase HPLC using a linear AB gradient where solvent A is 0.1% aqueous 

TFA and solvent B is 0.1% TFA in acetonitrile. Peptide composition was verified 

via electrospray mass spectrometry.

Sample Preparation for Infrared Spectroscopy. Samples were dissolved in either 

D20  or a mixture of 50/50 weight percent D20  and glycerol. Sample concentrations 

were measured with a Hewlett Packard 8452A Diode Array Spectophotometer using

the ultraviolet absorbance (X = 274) of tyrosine. Peptide concentrations were 

determined to be 8 mM for the 6-mer, 5 mM for the 10-mer and 2 mM for the 14- 

mer.
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Infrared Spectroscopy. Prior to T-jump analysis, static Fourier transform infrared 

(FTIR) spectra were measured on a BioRad FTS-40 interferomter to determine the 

temperature dependence (stability) of the peptide structure. Spectra were acquired 

over a broad temperature range (from 5-85 °C) using approximate 5 °C intervals. 

Single-beam transmittance spectra were collected for both a peptide sample and a 

reference in quadruplicate with 32 scans per set at each temperature monitored. 

These data were subsequently converted to absorbance measurements. The 

temperature dependent data show the approximate change in optical density one 

should expect between two different temperatures.

Temperature-jump Spectroscopy. All T-jump IR studies were performed by 

Shelia Maness (LANL). Transient infrared absorption of the amide I’ stretching of 

the peptide sample and reference were monitored using a Laser Photonic diode with 

a range of approximately 1600 cm-1 to 1700 cm-1 and detected using a Kolman 

Technologies Infrared detector. A Quanta-Ray DCR-4 Nd:YAG laser was used in 

combination with a Raman shifter filled with H2 gas to generate a two micron pump 

beam —  the source for the temperature jump (see Figure 5.2). The pump beam 

generates bulk heating of the solvent while the probe beam monitors the amide I’ 

stretching and vibrational changes in the peptide. Steady-state voltage 

measurements, between the probe beam and detector, are recorded prior to and after 

each data collection period. The steady-state voltages (measured in the absence of 

the pump beam) are proportional to the amount of transmittance. The steady-state 

voltages are equivalent to the initial intensity (L). In order to convert transmittance
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to overall change in absorbance (AA) the following equation is used:

[5.1] AA = -log [(Io + AI)/I.]

Where Al is the change in intensity measured when both the pump and probe beams 

are irradiating the peptide sample (during a typical T-jump experiment).

NMR Spectroscopy. The GS-14 temperature series experiment was performed on 

a Varian Unity INOVA 500 MHz NMR spectrometer. The GS-14 sample was

prepared in 500 pi 90 % HzO/10% D2O to give a final concentration of 1-2 mM. 

0.1 mM 3-(trimethylsilyl)-l-propanesulfonic acid (DSS) was added as an internal 

chemical shift reference. The sample pH ranged between 4.5-5 5. Spectra were 

collected at IK increments from 298 to 328K.

Unrestrained Molecular Dynamics. A distance restrained representative structure 

of GS-14 was solvated in a rectangular box with an average of 900 SPC (Berendsen 

et al., 1981) water molecules. Simulations ranging from 3 to 10 nanoseconds in 

length over temperatures of 300 to 600 K were calculated using the software 

package GROMACS v2.0 (Berendsen, et al., 1995). During the simulations, weak 

individual coupling of peptide and solvent to a bath of constant temperature was

maintained using a coupling time T t of 0 .1  picoseconds was used for each 

temperature. Pressure coupling to a pressure bath (reference pressure 1 bar) was 

performed with a coupling time Tp of 1.0 ps. The SETTLE algorithm was used to 

constrain water bond lengths and angles (Miyamoto and Kollman, 1992).
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5.3 Results and Discussion

T-jum p IR. A common approach to study fast folding events is to initiate a rapid 

change in solution conditions to induce protein unfolding (Callender, et al. 1998). 

Subsequent to this change, a measurement of the relaxation (unfolding) rate of the 

molecule is recorded, usually via optical spectroscopy. In this study, we have 

chosen to use laser-induced T-jump spectroscopy to induce rapid solution condition 

changes to initiate the unfolding reaction, followed by IR spectroscopy for 

measurement of molecular relaxation rates. Laser-induced T-jump is an excellent 

method to study protein folding because as one jumps from one temperature to 

another, it changes the equilibrium position of the ensemble of possible states 

(conformers) faster than processes that maintain the systems equilibrium (Eigen and 

De Maeyer, 1963).

IR absorption spectroscopy of the amide I mode in polypeptides 

(characteristic of backbone amide carbonyl stretching) is a particularly useful probe 

to study protein folding. Amide I stretching is a reliable indicator of secondary 

structure, due to its sensitivity to hydrogen bonding, dipole-dipole interactions and 

geometry of the peptide backbone (Susi and Byler, 1986). In the present study, D2O 

was used as solvent. This is because H2O can overlap the amide I band as far down 

as 1200 cm-1 (Callender et al., 1998). It is important to note, there is a 

nomenclature distinction between protonated and deuterated amide I modes. 

Deuterated amide I modes are represented as amide I’. Empirical evidence suggests

that: a-helical region amides absorb at -1654 cm-1; P-sheet amides absorb at -1615
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and -1675 cm"1; P-turns absorb at -1668, -1675, -1686 cm"1; and random coil 

amides absorb at -1645 cm"1 (Callender et al., 1998). For these studies we followed 

the presence or absence of absorption bands at approximately 1618 cm"1.

Our model P-hairpin system shows very fast relaxation kinetics, in response 

to a laser induced T-jump. Relaxation appears to be complete, for all peptides, 

after just 60 nanoseconds (ns). This is orders of magnitude faster than the time

measured for linear peptide P-hairpin formation (Munoz et al. 1997). Figure 5.3 

shows the change in optical density (OD) as a function of time for each of the three 

GS analogs. These curves illustrate the speed at which the peptides unfold 

(maximum change in optical density) in just 60 ns, then slowly return to a folded 

state (no change in optical density) after a few microseconds. Our hypothesis is that 

the protein G hairpin formation is limited by diffusion, whereas diffusion is not a 

factor with these cyclic peptides. T-jump IR kinetic studies conducted in 50% 

glycerol (data not shown), support this hypothesis. The glycerol studies indicate, 

that there is no viscosity dependence on the kinetic rates of the cyclic peptides. 

Indeed, the (un)folding rate is the same no matter what solvent is used. Thus, these

T-jump IR measurements appear to give an intrinsic P-sheet formation rate, in the 

absence of diffusion. Although there is no viscosity dependence on the rates of 

(un)folding, there is a slight dependence on the size of the peptide where the rate of 

(un)folding is longest for GS-14 (i.e. 59 ns).

Table 5.2 summarizes the results of the T-jump experiments. On average, a
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temperature increase of approximately 10 °C followed each laser pulse. Following 

the T-jump, changes in absorbance at 1618 cm-1 were recorded.

NMR. Proton chemical shifts are very sensitive to their local environments, thus 

they are good indicators of structure, in particular, secondary and tertiary structure 

(Wishart and Sykes, 1994). Because of this, their utility in monitoring protein 

folding has been well established (Dyson and Wright, 1998; Dobson and Hore,

1998). It has been shown that the line width of a particular resonance in the NMR 

spectrum gives important indications as to the type of environment the nuclei resides 

in. Generally speaking, broad line widths may indicate a couple of different things. 

1) Fast exchangeing protons, in the case of protons with relatively low pKa (amide 

protons) and 2) conformational exchange (protons with higher pKa), where more 

than one conformer is present. Broad line widths due to conformational exchange is 

also known as exchange broadening. It is important to note, fast relaxation rates 

(T2) also cause broad line widths, however, this is not a factor with these small 

molecular weight peptides.

In an attempt to correlate the T-jump results with an additional experimental 

technique, we measured 1-D proton NMR spectra of GS-14. A series of 1-D 

NMR experiments were recorded at increasing temperature for GS-14. By 

collecting 1-D experiments from 25-55 °C (temperature series experiment), it is 

possible to get an idea of the extent of structural stability for a protein or peptide. 

Figure 5.4 shows a stack plot of the GS-14 temperature series experiment. Two 

views of the amide proton region are plotted. Clearly visible are the increasing
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linewidths as temperature increases for many of the amide protons in the peptide. 

Broad line widths are apparent in the lysine residues, which are located near the 

middle of the strands, and the tyrosine residues that are located in the turns. Our

hypothesis is (also indicated by broad a-proton line widths, data not shown) that the 

peptide is in a state of conformational heterogeniety at high (+ 45 °C) temperatures 

as indicated by exchange broadening. However, based on peak intensity of many 

resonances, the population of unfolded peptide is relatively small compared to the 

folded peptide. The broad line widths of the lysine and tyrosine residues, 

demonstrate that both the turn and sheet regions (of the smaller population) are 

unfolded.

Unrestrained MD. The determination of structural characteristics of peptide or 

protein intermediates during folding reactions are crucial to understanding the 

mechanisms of folding (Kim and Baldwin, 1990). Since experimental methods 

(such as NMR, T-jump, fast flow CD) yield limited information on detailed 

structural transitions during folding, empirical MD methods provide perhaps the best 

approach to model structural details at the atomic level. A number of different MD 

approaches to study peptide and protein folding have appeared throughout the 

literature (Pande and Rokhsar, 1999; Dinner et al., 1999; Ferrara et al., 2000; 

Kolinski et al., 1999; Bryant, et al., 2000; Garcia and Sanbonmatsu, 2001). These 

methods are all somewhat limited in the length of simulation as all of these 

approaches are highly CPU intensive.
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Since regular unrestrained MD simulations are generally limited to temporal 

trajectories on the order of tens of nanoseconds, it has not been practical to simulate 

the folding of small proteins (or peptide models) as this would require MD runs of 

milliseconds (CPU years). One strategy which allows the study of conformational 

and folding changes in peptides and proteins is to simulate unfolding rather than 

direct folding (Pande and Rokhsar, 1999). These unfolding simulations are usually 

carried out under conditions that favor or accelerate the unfolding reaction (high 

temperature, low pH etc.) into an accessible time range (Tirado-Rives et al., 1997; 

Lazaridis and Karplus, 1997). A key advantage to studying unfolding as opposed to 

folding (in addition to the savings in computation time) is that the simulations 

proceed from a well-defined starting structure. Hence, it is possible to examine the 

actual transitions occurring as the peptide or protein unfolds and to characterize any 

intermediates during the process. Many unfolding transitions (or transition states) 

are assumed to mimic latter stages of refolding (Pande and Rokhsar, 1999).

Using simulations from three to ten nanoseconds in length, we have studied 

’complete’ unfolding events of the fourteen residue GS analog (GS-14) at 

temperatures of 500 and 600 K. We also simulated early stages of unfolding at 

temperatures of 300-320 K. The trajectories calculated at different temperatures 

and durations allowed the determination of a relatively complete unfolding pathway 

for this model peptide. Our results indicate that unfolding occurs in discrete steps 

extending over varying lengths of time. Because these simulations are artificially 

accelerated, it is inappropriate to mention exact durations (in picoseconds) of each 

of these unfolding steps.
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Figure 5.5 illustrates the unfolding trajectory at 500 K for GS-14, as 

calculated using an extended run of unrestrained molecular dynamics in a solvent 

bath. Each structure corresponds with a discrete step, or transition state, during the

unfolding process. The backbone, D-tyrosine and proline side-chain (p-tum 

residues) atoms are shown for clarity. The starting structure (Start) is 10 ps into the

unfolding reaction. As is evident by the superimposed ribbon diagram, the (3-sheet 

is still very stable early on in the trajectory. By the time the simulation reaches Step 

1, most of the p-sheet structure is still intact, however a bend along the plane of the 

sheet (at 390 ps) represents a significant destabilization. Step 2 (900 ps) shows a

total deformation of the P-sheet structure with large amounts of twisting and solvent

exposure evident Step 3 (1640 ps) shows that a P-sheet-like structure has been 

restored. Although there is antiparallel sheet structure, a large bend perpendicular to

the plane of the sheet does not allow a true, P-sheet to be formed. In Step 4 (2090 

ps), a return to the open, twisted state similar to Step 2 is adopted. By Step 5 (3800 

ps), the most interesting state, shows a return of the antiparallel sheet-like structure.

As shown by the superimposed ribbon diagram and the position of the P~tum 

residues, the sheet appears to be initiated and terminated by each proline residue. 

However it is apparent that, large deviations of dihedral angles (from the starting 

structure) throughout the entire backbone are required to form this sheet-like 

structure.
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The correlation between folded and unfolded states with molecular radius of 

gyration is a common measurement in MD studies (Dinner et al., 1999; Pande and 

Rokhsar, 1999). The radius of gyration essentially describes the compactness of a 

molecule. Hence, changes in radius of gyration correspond to changes in (un)folded 

states. The unfolding steps mentioned above correlate well with the molecular 

radius of gyration, calculated from 4 ns simulations conducted at 500 K (see Figure 

5.6). The radius of gyration throughout the trajectory shows distinct dwell times 

within each state, whereas the transit times between states are very short Sheet 

structure, or sheet-like structure, corresponds to an average radius of gyration of 

approximately 7.50 A. In contrast, unfolded twisted structure has a slightly lower 

radius of gyration with an average of 6.75 A. Also evident in this figure is the brief 

interruption of the open-twisted forms (Steps 2 and 4) with a sheet-like 

conformation appearing in Step 3. Followed by the sheet-like conformation of Step 

5.

From these results, there appear to be at least two possible transition states 

found during an (un)folding reaction: an open twisted form (as in Steps 2 and 4) and 

sheet-like structures (as in Steps 3 and 5). It is not correct to assume that the 

reverse order of these states would be observed during a folding reaction since 

folding does not occur at 500 K and the 500 K trajectory finishes at 4ns with a 

somewhat sheet-like structure. Indeed, a 600 K simulation ended (at 3.5 ns) with 

the completely unfolded state. It may be more realistic to think that a cycling 

between these states occurs during the folding process.

174

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.4 Conclusion

The results of these studies both experimental (T-jump IR and NMR) and 

theoretical (all—atom MD), show rapid unfolding events within small cyclic peptides 

in response to increasing temperature. The T-jump results in particular, show the 

unfolding reactions of the peptides occurs in less than 60 ns. This relaxation is three

orders of magnitude faster than the protein G P-hairpin. We believe, the most likely 

explanation for this is that since the protein G hairpin is linear, it has much more 

conformational space to sample than the cyclic GS peptides. Therefore, both 

folding and unfolding will take longer for the protein G hairpin. The slightly higher 

molecular weight (1864 amu) of the protein G peptide, probably has negligible 

effect on the differing relaxation rates.

The NMR temperature series experiment revealed a conformational 

heterogeniety between folded and unfolded states, based on exchange broadening. 

However, the unfolded conformer(s) represents a smaller population than the folded 

conformer at high (+ 45 °C) temperature. These results corraborate the T-jump 

results, in that we observe unfolded peptide at -50 °C. The fact we do not see just 

one (unfolded) population at high temperature, as with the T-jump data, is 

indicative of the fundamentally different experimental techniques (i.e. NMR = 

steady-state whereas laser induced T-jump is on the order of picosecond time 

scale). This is supported by the aforementioned feature of laser induced T-jump, in 

that the equilibrium position of the ensemble of possible conformers is changed
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faster than chemical processes are able maintain equilibrium, hence unbalanced 

populations (Eigen and De Maeyer, 1963).

It has been stated, via the principle of microscopic reversibility, that 

refolding will occur by the reverse of the unfolding pathway. Therefore, it is natural 

to assume that the nature of the refolding pathway will be preserved at lower 

temperature (Pande and Rokhsar, 1999; Daggett and Levitt, 1999). It was on this 

basis that we simulated unfolding in an attempt to identify possible intermediates 

along the folding pathway. By careful examination of the structural intermediates 

generated from these MD simulations of unfolding, it is clear at least two unfolding 

intermediates exist. In addition, these results point to hydrophobic effects, more 

than likely, have greater influence to (un)folding intermediate formation. This is 

evident by the common structure of State 5, where the turn fo rm in g  residues no 

longer promote turn formation but a sheet-like structure still exists. That being

said, however, it is difficult to determine to what extent either (3-turn residues or 

hydrophobic residues have on intermediate formation, due to the \mnatural’ cyclic 

constraint of these GS analogs.

It may be possible in future studies, to use the unfolding intermediates in 

refolding experiments, at in vivo temperatures, to ’visualize’ a much longer folding 

time-line. However, limitations exist with this method. A known problem with this 

type of experiment is that at high temperatures, certain low temperature folding 

intermediates may not appear (Pande and Rokhsar, 1999). Therefore, other folding 

pathways may exist that are not seen at these high temperatures.
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Table 5.1 GS Analogs

Molecular Weightb 
776.95 
1201.53 
1670.17

a. All tyrosine residues are of D-stereochemistry.
b. Theoretical molecular weight.

Name Sequence*
GS-6 KYPKYP
GS-10 VKLYPVKLYP
GS-14 VKLKVYPLKVKLYP

Table 5.2 Summary of T-Jump Experiments

Analog Initial Final A V AA t  (obs.)e
Temp.* Temp.b (mOD)d

GS-6
Average 40.5 51.3 10.8 3.75 38

Std. 0.7 0.6 0.5 0.18 7
Dev.

GS-10
Average 40 50.2 10.4 2.83 36

Std. 0.1 0.8 0.8 0.63 9
Dev.

GS-14
Average 40.2 51.0 10.8 2.68 59

Std. 0.1 0.5 0.6 0.08 4

Dev.

a. Initial temperature of sample.
b. Final temperature of sample after temperature jump.
c. Overall change in temperature.
e. AA (mOD), is the average change in absorbance at 1618 cm-1.
f. t (obs), is the average relaxation time in nanoseconds.
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(3-turn 0 -tu rn

Hydrophobic Face

Figure 5.1. GS analog 0 - turns and hydrophibic face.
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T-Jump Apparatus

Sample

Computer

DC Amplifier

Temperature
Controller

Digitizing Scope

Pulsed Dye Laser Nd:YAG LaserIR WEX

Figure 5.2. Temperature-jump apparatus. The Nd:YAG laser is the source for the 
temperature jump. The sample gets irradiated, the signal subsequently gets digitized 
and amplified then is recorded by the IR WEX (which is in line with the Nd:YAG 
laser).
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Figure 5.3. T-jump kinetic curves. Top (green) = GS-14, middle (blue) = G S -10 
and bottom (red) = GS—6. As is shown by die curves, an initial change in OD is 
indicative of die 60 ns (or less) relaxation time. Then folding occurs over 
microseconds until the sample no longer gives a change in OD.
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Figure 5.4. NMR stack plot. Two views of the amide proton region are shown. 
Visible are the broad linewidths at high temperatures for most of the resonances. 
These broad linewidths are indicative of peptide denaturation.
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Figure 5.5. The unfolding trajectory at 500 K. The Start is just picoseconds into the 
simulation and the (3-sheet structure is still stable. Step 1 (at 390 ps), shows the 
destabilized (3-sheet just before it loses all sheet-like character. Step 2 (900 ps), a 
total deformation of the (3-sheet and high solvent exposure. Step 3 (1640 ps), a 
restoration of sheet-like structure. Step 4 (2090 ps), random coil, unfolded 
structure. Finally, in Step 5 (3800 ps) the formation of a skewed (3-sheet.
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Figure 5.6. Radius of gyration at 500 K. The change in radius of gyration through 
out the simulation shows clear intermediate dwell times and short transition times 
through out the simulation.
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Chapter 6 

General Discussion and Conclusions

This thesis focuses on two structurally diverse molecules both of which are 

members of a therapeutically important class of antibiotics -  the antibacterial 

peptides. The recent occurrence of antibiotic resistant bacteria has promoted a 

resurgence of study on this venerable class of antibiotics (Hancock, 1997; Hancock 

and Chappie, 1999; Hwang and Vogel, 1998). Indeed it is widely believed that 

antibacterial peptides will make excellent candidates as potential therapeutics 

because their mechanism of action involves interaction with a unique and ubiquitous 

target -  the bacterial cell membrane (Huang, 2000; Oren and Shai, 1998). The 

intent of this thesis was to describe the synthesis, structure and dynamics of a series 

of specially designed gramicidin S and leucocin A analogs. These studies were 

undertaken with the hopes of elucidating structural requirements for antibacterial 

peptide activity. More specifically, in Chapter 2, I describe the synthesis and 

structural characterization of a number of different sized GS analogs. This study 

showed an obvious structural periodicity occurring within the peptides, a periodicity 

that arises from the peptide ring size as well as a number of other parameters. In 

Chapter 3 ,1 describe the synthesis and characterization (both molecular constitution 

and biological activity) of the D-enantiomer of a class Ha bacteriocin known as 

leucocin A. This study revealed an important detail in leucocin A’s mechanism of 

action. That is, the requirement of a chiral interaction step. Chapter 4, details the
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structural determinants of type II’ (3-turn formation by way of (3-hairpin formation 

and stability. The results of this study may aid in the design of cyclic peptides, 

linear (3-hairpins and peptidyl mimetics. Finally, in Chapter 5, I describe the 

folding and unfolding of GS analogs at both the temporal and structural levels. 

These results clearly indicate the dynamic nature of the GS analogs at elevated 

temperatures. It is my contention that these kinds of detailed structural

characterizations of two different classes of antibacterial peptides, gramicidin S (13-

sheet) and leucocin A (a-helical), will help elucidate mechanisms of action and 

assist in the design of novel antibacterial peptides, of model secondary structural

elements ((3-turns and (3-hairpins) and of peptidyl mimetics.

Chapter 2

Many small cyclic peptides (especially those with less than 15 residues) contain a 

wide variety of coded/non-coded amino acids and post-translationally modified 

residues. Some of the more common, naturally occurring, cyclic peptides include 

cyclosporin A (Riiegger et al., 1976), valinomycin (Shemyakin et al., 1965), 

virginiamycins (Kingston et al., 1966), vemamycin A (Meyers et al., 1965), 

tyrocidine (Lipmann, et al., 1941), actinomycin (Goldberg et al., 1962) and 

mycobacillin (Sengupta, et al., 1971). Although much is known about the primary 

sequences of these peptides much less is known about their three-dimensional 

structures. Robert Schwyzer (Schwyzer, 1958) was one of the first scientists to 

think about the three-dimensional structures of cyclic peptides, in particular the 

antibacterial gramicidin S. He predicted that the number of amino acids in a cyclic 

peptide would influence the type of secondary structure adopted by the peptide.
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This hypothesis remained untested until 1996 when preliminary CD data revealed a 

periodicity in secondary structure of a series of different length GS analogs 

(Kondejewski et al., 1996). This result nicely corroborated Schwyzer’s hypothesis, 

however, the exact details of this periodicity remained unknown. These more 

detailed findings are the basis for Chapter 2.

Chapter 2 reports the full three-dimensional characterization, via NMR and 

CD spectroscopy, of a series of longer GS analogs. Indeed, we were able to confirm 

Schwyzer’s hypothesis that only peptides with 2(2n + 1 ) residues (where n=l, 2,

3...) have the ability to form {3-sheets. This study represents die first three- 

dimensional confirmation of Schwyzer’s hypothesis. However, we also show that a 

numbe r of details not mentioned by Schwyzer also need to be fulfilled in order for

cyclic peptides to form (3-sheets. Hence we proposed a few amendments to

Schwyzer’s original rule. First, P-sheet formation can only occur in peptides that

contain two equally spaced type H’ or type I’ P-tums. These mirror image turns are

required in order to compensate for the natural left-handed twist of antiparallel {3- 

sheets. Second, appropriate placement of ’tum-forming’ residues through out the 

peptide is required. Third, intrinsic secondary structural propensities of amino acids

can dramatically influence the stability of P-sheet structure. Fourth, the number and

placement of D-amino acids is an important consideration when predicting P-sheet

formation. Fifth, cyclic peptides containing evenly spaced type I’ or type H’ P~ 

turns and 4n residues (where n=l, 2, 3...), will always form random coil structures.
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Similarly, cyclic peptides containing an odd number of residues are incapable of 

forming stable {J-sheets (Morita et al., 1996).

Chapter 3

In 1948 Alexander Ogston published an account of his proposed three-point 

attachment model (Ogston, 1948). The three-point attachment model is the 

prototypical description of enzyme-substrate specificity. The model simply states, a 

substrate with binding sites A, B, and C will be recognized by an enzyme with 

binding sites A’, B’ and C’ whereas the enantiomer of the substrate (with binding 

sites C, B and A) will not be recognized by the enzyme. This concept, although 

somewhat antiquated, is the basis for many studies on chiral recognition, including 

enantiomeric (and diastereomeric) syntheses. In an attempt to determine if chirality 

plays a role in leucocin A’s antibacterial action, we synthesized and assayed for 

activity the unnatural enantiomer of leucocin A.

Chapter 3 describes the synthesis and characterization of the all-D-amino 

acid leucocin A. This study represents the first synthesis of an all-D-amino acid 

class Ha bacteriocin. Solid phase peptide synthesis with Fmoc protected D-amino 

acids was employed to give an overall yield of 6% D-LeuA, at over 95% purity. 

Following the characterization of D-LeuA, a large number of bioactivity assays 

were performed. Interestingly, the results of these assays differed from previous 

studies of all-D-amino acid antibacterial peptides in that D-LeuA was found to be 

devoid of activity. One may assume these differences are a result of the structural 

variation between the peptides. The three-dimensional structure of LeuA is very
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different from all a-helical, bacteriocidal enantiomers like plantation A. LeuA

contains an amphipathic a-helix, as does plantaricin A, but differs in that LeuA also

contains an N-terminal amphipathic three stranded P-sheet (Gallager et al., 1997; 

Wang et al., 1999). Hence, the different activity of these all-D-amino acid

peptides, indicates an amphipathic a-helix by itself, has a limited role in chiral 

recognition and that receptor attachment points are required from other structural 

elements.

Chapter 3 also illustrates the differences between LeuA and its closely 

related homolog, CbnB2. Interestingly, the N-terminal structure for the two 

peptides are actually very different despite the high level of sequence homology, 

whereas structurally the C-termini are very similar. Therefore, it is easy to assume 

the N-terminus accounts for the differences in antibacterial spectrum of action 

between the two peptides. However, our data suggests the C-termini may play a 

significant role in specifying antibacterial spectrum of action. The bacteriocin 

fragment studies support this conclusion (i.e. C-terminal CbnB2 and N-terminal 

LeuA fragments were inactive by themselves). In addition, the results of the 

fragment studies suggests that the integrity of the entire sequence is necessary for 

activity of class Ha bacteriocins.

Chapter 4

Recent experiments have shown that 14-residue GS analogs have a wide 

range of therapeutic indices depending on the secondary structure adopted 

(Kondejewski et al., 1999). Kondejewski et al. report on a series of 14 residue GS
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analogs differing at only one chiral center. The results of this study indicate a clear

correlation showing high amphipathicity (high P-sheet content) yields high 

hemolytic activity and low antibacterial activity in the diastereomers. The 

diastereomers possessing the most attractive therapeutic indices (hemolytic 

activity/antimicrobial activity), greater than 60 in some cases, possessed some of the

lowest amphipathicities. Therapeutic indices of the parent P-sheet peptide where 

less than 0.01. These findings prompted the study reported in Chapter 4. It was our 

intention in this chapter to further define the rules regarding secondary structure 

formation in 14-residue GS analogs. Specifically, we wished to detail our ’first’ 

amendment to Schwyzer’s 2(2n + 1) rule. Therefore in Chapter 4, I describe the

structural determinants of type II’ P-tum formation. We used a combination of

NMR and molecular dynamics to determine P-hairpin content, a property that is

intrinsically related to type II’ P-tum stability. By substituting a variety of coded 

and non-coded amino acids into one turn of a model 14-residue GS analog, it was

possible to probe the conformational space of the type II’ P-tum. These 

substitutions allowed us to examine the roles of backbone chirality, side-chain

steric restriction and side-chain/side-chain interactions on type II’ P-tum formation 

and stability.

The study in Chapter 4 is unique in that unlike most molecular dynamics 

simulation studies, we were able to experimentally (via NMR) determine initial 

atomic coordinates as input for these simulations. The calculated 10 ns molecular
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dynamics trajectories, in turn, yielded information relating to the experimentally 

determined structures. It was shown that P-sheet content as determined by NMR is 

not necessarily a ’static’ phenomenon but more of a dynamic or temporal property.

Therefore, amount and stability of the P-sheet depends strongly on the dihedral

angles favored in a particular P-tum. As Chapter 4 reports, the results of this study 

demonstrate that backbone heterochirality (which determines equatorial and axial 

side-chain orientation at the i+1 and i+2 residues of the turns) may account for up to

60% of type II’ P-turn stabilization. Steric restriction through side chain N-

alkylation may provide up to 20% of type II’ P-tum stability. Finally, it was shown 

that aromatic/proline side-chain interactions (i.e. side-chain/side-chain) appear to 

account for -10% of type II’ P~tum stabilization.

Chapter 5

In order to study the secondary structural elements found in proteins, it is 

often easier and more efficient to use peptide model systems. Ideally, these peptide 

model systems contain a relatively small number of residues, are easily synthesized, 

soluble and monomeric. Peptide model systems have proven to be an invaluable 

tool in the study of many aspects of secondary structure and function ranging from

amino acid propensity measurements to protein folding studies. Although, many a -

helical peptide model systems have been developed over the years, far fewer P- 

sheet models systems have been developed. Our earlier studies in Chapter 2 and 4,

identified the utility of GS as a model P-hairpin system. It was on this basis that the

GS -hairpin system was used to study the kinetics of P-hairpin folding.
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In Chapter 5 , 1 describe the folding and unfolding of three different sized fi

shed, GS analogs. Temperature-jump studies indicate relaxation kinetics to be very 

fast for all 3 peptides. These relaxation kinetics yielded folding rates that were

orders of magnitude faster than what was found for a linear hairpin model

(Munoz et al., 1997). The differences between relaxation rates of our cyclic fi-

hairpin model and the linear P-hairpin model of Munoz and Eaton, arise from the

fact that the linear P-hairpin model is limited by diffusion whereas diffusion is not a

factor for the cyclic P-hairpins. In an attempt to correlate the experimental T-jump 

results with atomic resolution structures, we performed unrestrained molecular 

dynamics simulations of peptide folding and unfolding over an extended period of 

time. Although the molecular dynamics simulations did not directly simulate 

peptide folding, the unfolding trajectories indirectly showed interesting information 

relating to possible folding intermediates. Specifically, there are at least two 

primary intermediates, one being totally unfolded and the other exhibiting a sheet

like state. It appears that the sheet-like state can contain a wide range of partially 

folded (hydrogen bonded) conformations.

A few additional experiments may provide further insight to the studies in 

Chapter 5. For example, it may be interesting to measure MD trajectories starting 

with the intermediate unfolded states at low (in vivo) temperatures. This may allow 

one to simulate folding by way of a multitude of shorter simulations rather than very 

long micro or millisecond trajectories. Further characterization of the putative
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bacteriocin receptor (Chapter 3) would also be interesting. A future synthesis of an 

all-D-amino acid non a-helical class Da bacteriocin may help elucidate this 

further. All the experiments in this thesis have led to my greater understanding of 

synthesis, structure and characterization of antibacterial peptides.
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