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Abstract 

  Coiled coil is a superhelical twist formed by two to five wrapping α-helices. It is a 

common structural motif that can be found in transcription factors, cytoskeletal systems, 

contractile systems and etc. These biochemical roles rely on well-defined and stable 

structures of coiled coils. Accordingly, the effect of side chain structure of d-position 

residue, which is buried in the coiled coil interface, on coiled coil stability was 

investigated. GCN4 coiled coil was employed, of which the 2nd d-residue (Leu12) was 

substituted with various amino acids. IaLd coiled coils were used to obtain the coiled 

coil propensities of these amino acids. Guanidinium denaturation of the coiled coils was 

monitored by circular dichroism spectroscopy. Free energy of unfolding was derived 

from the guanidinium denaturation data. The hydrophobicities of the amino acids were 

measured by thin layer chromatography. Structural parameters Es, MR, [L, B1, B5], and 

side chain volume were employed in the analysis. Results show that the shape and size 

of the residue side chain contribute more than hydrophobicity to the coiled coil stability 

in coiled coils with the d-position residue bearing aliphatic side chains. 

Keywords: coiled coil, GCN4, helix propensity, amino acid hydrophobicity, side chain 

structure  
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Proteins 

  Proteins are one of the most versatile and most abundant macromolecules in living 

systems.1, 2 Proteins serve as the downstream terminus of the central dogma of 

molecular biology, which describes the direction of the flow of genetic information.3 

The genetic information stored in deoxyribonucleic acid (DNA) is passed down to 

ribonucleic acid (RNA) by transcription.4 RNA then serves as the template in the 

translation process, leading to the synthesis of proteins.5 These proteins then participate 

in a variety of physiological processes, such as catalysis,6 immune response,7 signal 

transduction,8 and construction and support of cellular structures.9 Proteins are 

important to living systems, and studies to enhance fundamental knowledge on proteins 

should facilitate our understanding of how Nature functions, and also lead to 

unprecedented technological advancements. 

  A protein is a biopolymer composed of amino acids.2 There are twenty naturally 

occurring amino acids, nineteen of which are L-α amino acids bearing different side 

chains. These side chains have various functional groups and properties, and play 

different roles in protein functions. The remaining amino acid is glycine, which has no 

side chain and is therefore achiral. Amino acids are connected by an amide bond 
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between the α-amino group of one amino acid and the α-carbonyl group of the other, 

yielding a polypeptide chain. Due to resonance, the amide bond has considerable double 

bond character, limiting bond rotation and therefore restricting the conformation of the 

peptide backbone. Dihedral angles are defined along the peptide backbone. The dihedral 

angle between Ccarbonyl - N plane and Cα - Ccarbonyl plane is defined as phi (φ), and the 

dihedral angle between N - Cα plane and Ccarbonyl - N plane is defined as psi (ψ) (Figure 

1-1).10 A plot of ψ against φ is called Ramachandran plot (Figure 1-2).10 The shaded 

region in the plot shows the distribution of φ and ψ found in several structures (Figure 

1-2).10  

  

Figure 1-1. Dihedral angles φ and ψ. 

 

 

 
Figure 1-2. Ramachandran plot.10 
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Figure 1-4. Ramachandran plot for various secondary structures.19 

Protein Secondary Structure 

The polypeptide chain can form local regularly repeating structures called secondary 

structure. These structures are formed by hydrogen bonds between NH and carbonyl 

groups in the backbone. Common secondary structure motifs include α-helix,  β-sheet, 

β-turn, and   Ω-loop.18, 20-24 An α-helix is a right-handed rod-like structure.18 The 

left-handed helix is very rare due to the unfavorable steric clash between the side chains 

and the backbone.18 A β-sheet is a relatively flat with some right-handed twist structure.22 

A β-sheet   is   composed   of   two   or   more   β   strands   in either antiparallel or parallel 

orientation.22 The compact and globular shape of most proteins can be attributed to the 

presence of reverse turns (aka:  β-turn, hairpin bends) which promotes the chain reversal 

of polypeptide chain.24, 25 Reverse turns are stabilized by hydrogen bonds between the 

carbonyl group of residue i and the NH of residue i+3.  
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Protein Structures 

  The structure of a protein is critical for its biological function. A protein performs its 

function only when it is correctly folded.11 Upon losing its structure, for instance, being 

denatured by heat or chemical denaturant, a protein becomes inactive.12 The structure of 

a protein is categorized into four hierarchical levels: primary, secondary, tertiary, and 

quaternary structures (Figure 1-3). Primary structure refers solely to the amino acid 

sequence of the protein, without consideration of the three dimensional structures of the 

polypeptide chain.13  

 

 

Figure 1-3. Four levels of protein structure. (Tertiary structure: calmodulin, protein data 

bank code 1CLL. Quaternary structure: fibrinogen, protein data bank code 3GHG.) 
 

  Secondary structures are local structural motifs composed of regularly repeating 

spatial arrangement of the residues. Secondary structures can be defined by the pattern 

of hydrogen bonds or backbone dihedral angles of the peptide chain.14, 15 For example, 

α-helix, a common secondary structure, is characterized by the main-chain hydrogen 

bond between the carbonyl oxygen and the amide hydrogen located four residues away 

Primary�

LEDKVEE�

Secondary�

2ZTA

Page 1 of 1
Printed at 23:53:54 on Thu Mar 1 2012

Tertiary�

1CLL

Page 1 of 1
Printed at 00:01:19 on Fri Mar 2 2012

Quaternary�
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in the sequence.16 The dihedral angles (φ, ψ) of an α-helix is defined to be (-57°, -47°) 

(Figure 1-2).10 Another common secondary structure, β-sheet, is made of two or more β 

strands that are connected by hydrogen bonds between backbone carbonyl oxygen and 

the amide hydrogen.17 The dihedral angles (φ, ψ) of a β-sheet are (-119°, +113°) for 

parallel sheet and (-139°, +135°) for antiparallel sheet.10   

  Tertiary structure refers to the overall structure of one polypeptide chain, containing a 

combination of several secondary structures. A typical tertiary structure has nonpolar 

residues buried in the interior, making the hydrophobic core.18 Polar and charged 

residues are usually found on the surface, where the protein is in contact with the 

aqueous surrounding.18 Calmodulin (CaM) is an example of tertiary structure, which is 

a protein that binds calcium ion and evokes downstream biochemical reactions. CaM is 

a 148-amino-acid polypeptide chain made up of several α-helices and turns.19 

Quaternary structure is the spatial arrangement of several polypeptide chains. One 

example is the fibrinogen, a protein found in blood and is involved in blood coagulation. 

Fibrinogen consists of six chains, (αβγ)2, in which α, β, and γ are the differernt 

subunits.20  
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Forces in Protein Folding  

 The forces that dictate protein folding include electrostatic interactions, hydrogen bond, 

hydrophobic effect, and van der Waal’s interactions.21 The first two occur in charged 

and polar groups, whereas the last two are important for nonpolar entities. Electrostatics 

include charge to charge, charge to dipole, and dipole to dipole interactions. The 

charges originate from the following amino acids: aspartic acid (Asp), glutamic acid 

(Glu), lysine (Lys), arginine (Arg), and to a much lesser content, histidine (His). At 

physiological pH (pH 7.4), side chains of Asp and Glu are deprotonated and are 

negatively charged. On the other hand, Lys, Arg, and His are protonated and bear a 

positive charge. Opposite charges attract one another, resulting charge-charge 

interactions between these amino acids. A dipole is the asymmetric distribution of 

election density along a chemical bond caused by the difference in electronegativity of 

atoms. Dipoles can be attracted by ions or other dipoles on the protein, leading to 

dipole-charge and dipole-dipole interactions. Electrostatic interactions may provide 

extra stability to protein structures, as in the case of hyperthermophilic proteins.22 These 

proteins are able to withstand high temperatures, and this stability originates from the 

numerous electrostatic interactions between the charged residues on the protein 
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surface.22  

  A hydrogen bond is the consequence of the interaction between a hydrogen bond 

donor (HX) and a hydrogen bond receptor (Y) (Figure 1-4). The atoms X and Y could 

be nitrogen, oxygen, or fluorine atoms, which are all highly electronegative atoms. The 

electronegativity of X causes uneven distribution of electron density along the H-X 

bond, resulting in a partial positive charge on H. This charge is attracted to the 

nonbonding electrons of Y, therefore forming a hydrogen bond. Hydrogen bond is the 

dominant force for the formation of secondary structures. The deprival of these 

hydrogen bonds (e.g., using solvents like trifluoroacetic acid or formic acid, which 

protonate the peptide backbone) diminishes peptide structure.23, 24  

 

Figure 1-4. A hydrogen bond. 
 

   Hydrophobic effect is the release of water molecules around a hydrophobic group 

when two or more such groups approach one another.25 Water molecules that are in 

contact with nonpolar solutes are, to some extent, orderly arranged.25 When the 

nonpolar groups come into contact with one another, these ordered water molecules are 

excluded, contributing to the increase in entropy and decrease in free energy.25 An 

X H Y
δ−δ− δ+
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example of the importance of the hydrophobic effect in protein folding is the coiled coil 

motif. A coiled coil is composed of intertwining α-helices.26 The residues in helices 

interface are mainly hydrophobic.26, 27 Substituting the hydrophobic residues with polar 

residues destablizes the coiled coil.27 

  van der Waal's interaction (or London dispersion force) is the attractive force 

between apolar molecules.21 The electron density distribution of the atoms in apolar 

group may fluctuate, generating an instantaneous dipole. This dipole may induce an 

opposite dipole in a nearby molecular entity. The attraction between these dipoles is 

termed London dispersion force. This is a weak interaction and is significant only when 

the apolar groups are close in distance. The huge number of London dispersion forces in 

proteins make them an important driving force in protein folding.  

 

α-Helix 

  α-Helix is a common secondary structure that constitutes about 30% of all protein 

structures known to date.15, 28 The naturally occurring α-helix is a right-handed, rod-like 

structure characterized by consecutive, main-chain, i � i + 4 hydrogen bonds between 

each carbonyl oxygen (i) and an amide hydrogen (i+4) on the adjacent helical turn 
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(Figure 1-5).16 A helix has backbone dihedral angles (φ, ψ) around (-57°, -47°) and has 

3.6 residues per turn.10, 16 Many factors determine the stability of a helix, one of which 

is the helix propensity of the constituting amino acids. Chou and Fasman analyzed the 

frequency of appearance of each amino acid in helices.15 The statistics revealed that 

different amino acids have different probabilities to be found in a helix. The 

thermodynamic tendency to form a helix can be described in a statistical mechanical 

manner in Lifson-Roig theory, in which helix propensity (w) of an amino acid is 

employed to describe the equilibrium between α-helix and random coil.29 The greater 

the helix propensity, the greater the probability to find an amino acid in the helical state. 

Helices are often combined with other secondary structures to form motifs, which 

usually exhibit certain functions.1 For example, the helix-turn-helix motif is a DNA 

binding motif,30 and the helix-loop-helix ("EF hand") is a calcium ion binding motif.19 

 

 

Figure 1-5. The α-helix backbone hydrogen bond.  
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Coiled coil 

  Coiled coils are formed by 3-5% of all amino acids in proteins,31 and can be found in 

transcription factors,32 cytoskeletal33 and contractile34 systems, viral envelope 

proteins,35 and other systems.36 A coiled coil is formed by two to five α-helices 

wrapping around each other to form a slight left-handed superhelical twist (Figure 

1-6).26 The sequence of a coiled coil is characterized by the “heptad repeat”, abcdefg, in 

which positions a and d are predominantly hydrophobic residues, such as leucine (Leu) 

and isoleucine (Ile), leading to a hydrophobic interface between two wrapping helices. 

In contrast, the e and g positions are frequently charged residues that form interhelical 

ion pairs.26 The three dimensional architecture was first proposed by Crick in 1953 as 

the “knobs into holes” model, which states that a coiled coil is stabilized by the packing 

of hydrophobic side chains “knobs” into the “holes” that are the space between 

hydrophobic side chains of the neighboring helix.37 According to the type and 

orientation of the monomers, coiled coils can be further categorized into 

homodimer/heterodimer and parallel/antiparallel coiled coils.38 A homodimer is made 

up of two identical monomers, whereas a heterodimer consists of two different 

monomers. A parallel coiled coil has the N-termini of the two helices located on the 
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same end, whereas an antiparallel coiled coil has the two N-termini located at opposite 

ends.  

(a)                        (b) 

 

Figure 1-6. Illustration of a coiled coil. (a) A coiled coil. (GCN4 leucine zipper. Protein 

data bank code 2ZTA.) (b) The helical wheel of a coiled coil. 
   

Thesis Overview 

  Coiled coil is a common structure in proteins. The factors contributing to coiled coil 

stability include hydrophobicity of the coiled coil interface, coiled coil propensity of the 

constituting amino acids, and the packing (or the van der Waal's interacitons) of the 

residues at the interface.39 Studies involving natural amino acids have shown that 

geometric properties of the buried amino acids can influence the stability of coiled 

coils.39, 40 To further elucidate the relationship between structure, hydrophobicity, and 

coiled coil stability, natural and non-natural amino acids with various side chain 

structures and properties were introduced into different coiled coil systems. Also, the 

hydrophobicities of the amino acids were measured. Several structural parameters were 

included in the analysis (Chapter 2). 

2ZTA
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Introduction 

Coiled Coils in Biological Systems 

  Coiled coils are formed by 3-5% of all amino acids in proteins,1 and can be found in 

transcription factors2, cytoskeletal3 and contractile4 systems, viral envelope proteins,5 

and other systems.6 In particular, transcription factors are an excellent example to 

illustrate the importance of coiled coils. Transcription factors are proteins that bind 

specific DNA sequences and thereby regulate gene expression.2 Among the numerous 

transcription factors, bZIP transcription factors constitute an important class of DNA 

binding proteins.7, 8 bZIP transcription factors achieve specific DNA binding through 

the dimerization of the coiled coil motifs.7, 8 Such dimerization results in the formation 

of various homodimers and heterodimers, which enhance specific binding between the 

proteins and DNA, generate a large number of variations for binding of different DNA 

sequences, and therefore form a complex regulatory network in a variety of organisms.7, 

8 This suggests an important role for coiled coils in living systems, and studies of this 

structural motif should facilitate the understanding of protein functions and the design 

of novel proteins.  
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GCN4 Coiled Coil Motif 

  GCN4 is a bZIP transcription factor in yeast. GCN4 contains a basic region and a 

coiled coil region.9 The former is responsible for DNA recognition, and the latter 

promotes dimerization (Figure 2-1).9 The crystal structure of the coiled coil region of 

GCN4 was first solved in 1991.2 This achievement has turned coiled coils, which was 

mainly considered to be structural for decades because coiled coils were first recognized 

in fibrous proteins, into a popular research topic that has blossomed in the past twenty 

years.6, 10, 11 There were two significances. First, it showed that coiled coils participate 

in crucial interactions such as transcription. Second, the knowledge obtained from the 

physical details of the coiled coil structure provided a means to recognize tertiary 

structures by the inspection of primary structures, leading to de novo coiled coil design.6, 

10, 11 The coiled coil region of GCN4 is a 33-residue, 4-heptad repeat leucine zipper (see 

Chapter 1 for the general introduction of coiled coils). Leucine zipper bears its name 

due to the conserved leucine at the d positions. The a positions are taken up by valine, 

so that both a and d!positions are occupied by hydrophobic residues. One exception 

occurs at the a position in the third heptad, where there is an asparagine.2 This buried 

polar residue determines the oligomeric state of the coiled coil, making GCN4 a 
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homodimeric parallel coiled coil.12  

 
Figure 2-1. GCN4-DNA complex (protein data bank code 1YSA). 

 

Coiled Coil Sequence and Structure  

  The sequence of a coiled coil is characterized by the “heptad repeat”, usually 

designated abcdefg. A regular α-helical turn is composed of 3.6 residues.10 However, 

this value is lowered to 3.5 for helices in a coiled coil, leading to the heptad repeat every 

two turns of a helix.10 Inspection of coiled coil sequences led to the concept of "peptide 

Velcro", which points out three elements for the formation of a specific coiled coil.10, 13 

First, the residues at a and d positions, which are located at the interface between a 

coiled coil, need to be hydrophobic residues like leucine, valine, or isoleucine, so that 

the coiled coil is stabilized through hydrophobics and van der Waals interactions. 

Second, the e and g positions, which are located adjacent to the coiled coil interface, 

have to be occupied by charge residues such as glutamate or lysine, which form 

interhelical electrostatic interactions that also contribute to coiled coil stability. Last, the 

1YSA
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remaining b, c, and f positions have to be hydrophilic residues, since these positions are 

located at the solvent-accessing face of a coiled coil.  

  These features are insufficient to conclude the variety of coiled coils observed in 

Nature and laboratory. More precisely, the features are insufficient to predict the 

oligomerization (dimer, trimer, or tetramer, etc.), pairing specificity (homodimer or 

heterodimer), and orientation (parallel or antiparallel). 20% of the residues at the a and 

d positions are polar or charged.12 Buried polar residues affect the oligomeric state of a 

coiled coil.10, 12, 14-16 For instance, the substitution of the two buried asparagines of 

GCN4 coiled coil to valine resulted in change in oligomeric state from dimers to a 

mixture of dimers and trimers.17, 18 These asparagines confer the dimer state through 

interhelical hydrogen bonds between the Asn side chains.2, 10, 17 Besides, the structure of 

the a and d residues also have affect on oligomerization.18 GCN4 coiled coil mutants, 

with the 4 a residues replaced with isoleucine, valine, or leucine yielded dimers, 

mixture of dimers and trimers, and trimers, respectively.18 This switch between 

oligomeric states is a consequence of the packing interactions at the coiled coil 

interface.18 

  Orientation and pairing specificity are greatly influenced by the electrostatic 
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interactions between the e and g residues.10, 19 For instance, placing only negatively 

charged residue at the e and g positions in one strand of a coiled coil and only positively 

charged residues at the e' and g' positions in another strand, favors the formation of a 

heterodimer due to attractive interhelical Coulombic interactions.13 Also, deliberate 

positioning of oppositely charged residues at g and g' led to the preference for the 

antiparallel orientation as a result of the repulsive Coulombic interactions that would be 

encountered if the coiled coil was parallel.20  

  There are still many undiscovered underlying rules for the structures of coiled coils. 

Amazing examples include a GCN4 variant with all e positions mutated to valine gave a 

parallel tetramer,21 whereas another GCN4 variant with all g residues substituted with 

either valine or alanine resulted in an antiparallel tetramer.21 Still, when all e and g 

residues of GCN4 were replaced with alanine, the coiled coil turned out to be a parallel 

heptamer.21 Predicting the oligomeric state, pairing specificity, and orientation remains 

an intriguing challenge. 
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Knobs-Into-Holes Interactions of a Dimeric Coiled Coil 

  Knobs-into-holes (KIH) interactions of a dimeric coiled coil was first described by 

Crick in 1953.22 KIH states that a side chain from one helix, referred to as the knob, fits 

into the hole surrounded by the side chains of the partner helix.22 For instance, in a 

parallel, dimeric coiled coil, the a knob fits into a hole made by d', a', d', and g' of the 

neighboring helix, whereas the d knob fits into a hole made by a', e', a', and d' residues 

(Figure 2-2a and b).2, 11, 18 Furthermore, the a knob projects out of the interface; the 

Cα-Cβ vector of the knob is parallel to the Cα-Cα vector at the bottom of the recipient 

hole.2, 11, 18 The d knob projects directly into the interface; the Cα-Cβ vector of the knob 

is perpendicular to the Cα-Cα vector at the bottom of the hole (Figure 2-2c and d).2, 11, 

18 

Coiled Coil Stability 

  Many factors contribute to the stability of a coiled coil, such as the coiled coil 

propensities of the constituting amino acids,23 hydrophobic interactions,10, 12, 18, 24, 25 

packing of the core residues,18, 26-30 and electrostatic interactions.10, 31, 32 Herein, coiled 

coil propensities, hydrophobic interactions, and side chain packing will be discussed.  

   Amino acids have different conformational preferences that influence the stability of  
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(a)                                  (b) 

  

(c)                                 (d) 

 

 

 

 

Figure 2-2. Illustration of knobs-into-hole interactions, parallel packing and 

perpendicular packing. (a) Cartoons showing knobs-into-holes interactions. On the left 

hand side are the projections of each helix strand in a coiled coil onto flat surfaces. On 

the right is the overlap of the two sheets which reflects the interdigitation of side chains 

in coiled coil. The angle between the two sheets is the angle between the two strands of 

helices, which is ~20°. (Reprinted from Woolfson et al. New currency for old rope: 

from coiled-coil assemblies to α-helical barrels. Curr. Opin. Struct. Biol. 2012, 
doi:10.1016/j.sbi.2012.03.002, with permission from Elsevier.) (b) KIH interactions in 

GCN4 coiled coil. On the left shows the a knob and the corresponding d'a'd'g' hole, the 

other is the d knob and the a'e'a'd' hole. (c) One heptad of GCN4 coiled coil. The a 
knob projects out of the interface, whereas the d knob projects into the interface. (d) 

Cartoons showing the paralle and perpendicular packing of the a and d knobs. Open 

circles represent Cα atoms, and solid circles represent Cβ atoms. (GCN4 PDB ID: 
2ZTA.) 
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protein secondary and tertiary structure.23, 33 "Helix propensity" describes the 

probability of an amino acid to be in a helical state.34 Many studies use monomeric 

model helices to measure helix propensities.23 O'Neil et al. employed a 

parallel, homodimeric coiled coil instead.23 They claimed that a monodimeric helix may 

may not be representative of helices found in a protein because a helix in a protein 

experiences non-uniform solvent accessibility and dielectric constant.23 The guest site, 

which was substituted with the 20 natural amino acids, was situated at the f position of 

the middle heptad. The f position is distant from the dimerization surface, therefore 

interhelical packing interactions are avoided. Residues near the guest site were 

designated to be small and neutral in order to exclude possible interactions between the 

guest residue and nearby residues. As such, differences in coiled coil stabilities solely 

depended on the different preferences for the coiled coil conformation of each guest 

residue. In other words, this system measures the coiled coil propensity. The result 

showed an overall good correlation with data obtained from various monomeric helix 

models.23  

  Hydrophobic interactions arise from the exclusion of surrounding orderly-arranged 

water molecules when hydrophobic moieties approach one another.35 The release of 
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water molecules leads to the increase in entropy and decrease in free energy.35 

Hydrophobicity is quantified by measuring the partition coefficient of a solute between 

water and a non-polar solvent, which is further transformed into transfer free energy.35 

Hydrophobic interaction is one of the main determinants for coiled coil dimerizaiton.10 

A great deal of work has shown that decrease in the hydrophobicity of the coiled coil 

interface decreases coiled coil stability. For instance, the substitution of the buried 

asparagine in GCN4 to valine increases the melting temperature (the temperature at 

which 50% of the coiled coils are unfolded) by 40°C.18 The gain in stability is at the 

expense of the specificity of oligomeric state (vide supra).10, 18 In another study, the 

a-position valines and d-position leucines in GCN4 were replaced with asparagine, 

threonine, serine, and glutamine, and all of the mutants exhibited lower melting 

temperatures.12 Instead of substituting with polar entities, residues with higher 

hydrophobicity were also employed, and coiled coil stability was enhanced. When the 

d-position leucines in coiled coil A1 were replaced with trifluoroleucine or 

hexafluoroleucine (Figure 2-3), the melting temperatures increased by 10 °C and 22 °C 

respectively. The increase in thermal stability was a consequence of the superior 

hydrophobicity of trifluoromethyl over methyl groups.24, 25 
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Figure 2-3. Structures of leucine, trifluoroleucine and hexafluoroleucine. 

 

  The hydrophobic effect is generally agreed to be one of the major determinant factors 

in protein folding and stability,26, 35 but packing of the residue side chains also play a 

significant role in protein stability.26, 30 In a typical experiment, a hydrophobic residue 

in the core of a protein was substituted with a smaller hydrophobic residue (for example, 

leucine to alanine), and the difference between the folding free energies of both the 

mutant and wild-type protein was measured.26 This energy difference reflected the 

different stabilities of the mutant and wild-type protein.26 Studies revealed that the 

energy difference was larger than what would be expected for the transfer free energy, 

which is a measure of hydrophobicity.26 The change in protein stability, in this case, 

was not caused by hydrophobicity alone, and the discrepancy can be explained by the 

difference in packing efficiency.26, 27 The formation of cavities within a protein is 

destabilizing.26, 30 In coiled coils, the geometric properties of buried amino acids 

influenced the overall structure and stability.18, 27 For example, substituting the 5th 

d-position leucine of the bZIP domain of VBP (vitellogenin binding protein) with 
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isoleucine and valine lowers the thermal stability, even though these amino acids are of 

similar sizes.27 Leucine is the most favored amino acid at the d position, and is nearly 3 

kcal/mole more stabilizing than the similarly sized amino acid isoleucine.27 β-Branched 

amino acids are conformationally constrained in α-helices.27 Molecular modeling 

indicates that at d positions, the favored rotamers of isoleucine and valine, which are 

both β-branched, produce a steric clash between the two amino acids on opposite 

helices.27 Recent studies from Gellman's group shows that a'-a-a' vertical interactions 

are more prominent than d'-d-d' in antiparallel dimeric coiled coil.28, 29 Coiled coil 

database mining reveals that the Cα-Cβ vectors of a and a' residues points together and 

their trajectories appear to cross, leading to steric repulsion between side chains.29 On 

the other hand, Cα-Cβ vectors of d and d' residues are nearly parallel but offset, and the 

steric repulsion is avoided.29  

 

Chapter Overview 

  Coiled coil stability has been intensively investigated over the past two decades, and 

the hydrophobicity at the coiled coil interface is the most recognized factor that 

determines the stability of this structural motif. Although packing interactions are 
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known to affect the stability of proteins and coiled coils, little has been carried out to 

probe the relationship between packing and stability. Furthermore, most of these studies 

only employed natural amino acids. To further elucidate the relationship between 

hydrophobicity, side chain packing, and stability, both natural and non-natural amino 

acids with various side chain structures and hydrophobicities were introduced into two 

coiled coil systems.  

 

Results and Discussions 

Design of GCN4-Derived Peptides 

  The GCN4 coiled coil region is a well-studied model system for coiled coils, 

therefore we chose to study the effect of altering the residues at the d position in this 

particular system. There are 4 a positions and 4 d positions in a GCN4 coiled coil 

(Figure 2-4a). Initially, all 4 d residues were mutated simultaneously (previously 

performed by Hsien-Po Chiu in our lab), but some of these mutants exhibited no coiled 

coil conformation by circular dichroism (CD) spectroscopy. This was probably due to 

the profound changes in the interface constituents. Therefore, mutation sites were 

narrowed down to the central 2 d positions. Still, the second-generation mutant did not 
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exhibit a coiled coil conformation (Figure 2-5). To enable significant formation of the 

coiled coil conformation, only one of the two central d sites (positions 12 and 19) could 

be mutated. The GCN4 coiled coil crystal structure showed that both sites were 

positioned at the same distance from the center of the coiled coil (Figure 2-4b). In 

addition, the side chain of a residue in an α!helix points towards the N-terminus. For 

position 12 (Leu12), the side chain points towards position 5, which is a valine at an a 

position. Position 19 (Leu19) points towards position 16, which is an asparagine at an a 

position. Therefore, position 12 was chosen as the mutation site to exclude the 

unfavorable interactions between aliphatic Leu19 and polar Asn16 (Figure 2-4c). 

Sixteen different amino acids were incorporated individually at the mutation site (Figure 

2-6). These amino acids can be divided into linear (Abu, aminobutyric acid; Nva, 

norvaline; and Nle, norleucine), β-branched (Ile, isoleucine; Allo Ile, alloisoleucine; and 

Val, valine), γ-branched (Leu, leucine; Tba, tert-butylalanine; Cpa, cyclypentylalanine; 

Cha, cyclohexylalanine; Phe, phenylalanine; and Pff, pentafluorophenylalanine), and 

polar (Asp, aspartic acid; Asn, asparagine; Glu, glutamic acid; Gln, glutamine). 
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(a) 

 

(b)                             (c) 

  

Figure 2-4. The sequence and the helical wheel diagram of GCN4. (a) Sequence of 

GCN4. The a and d positions are labeled. The d positions are numbered. (b) Ribbon 

representation of GCN4 with d-position leucines in space filling. Yellow: Leu12, blue: 

Leu19. (c) Helical wheel diagram of GCN4. X denotes the mutation site.  

 

 

Figure 2-5. CD spectrum of GCN4-Phe2. The central 2 d positions of GCN4-Phe2 were 

substituted with Phe.  
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Figure 2-6. Chemical structures of the amino acids.  

 

Peptide Synthesis of GCN4-Derived Peptides 

  Peptides were synthesized using commercially available reagents by Fmoc-based 

solid peptide synthesis (SPPS). However, Allo Ile, Nle, and Cpa were purchased in the 

unprotected form, and the Fmoc group had to be incorporated for SPPS (Scheme 1). 

The amino acid was dissolved in Na2CO3 solution. This aqueous solution was kept at 

pH 10 over ice-water bath. A solution of Fmoc-OSu in tetrahydrofuran (THF) was 

added dropwise into the amino acid solution, and the mixture was stirred for 3.5 hours. 

For work up, the THF in the mixture was first removed under reduced pressure. The 

remaining basic aqueous solution was extracted with diethyl ether. The aqueous fraction 
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was then acidified with 1 M HCl until pH 2, followed by extraction with ethyl acetate. 

The organic fraction was dried over Na2SO4, and concentrated in vacuo. The crude was 

purified by flash chromatography.  

 

Scheme 1. Incorporation of Fmoc Onto Amino Acid 

 

 

  The identity of the peptides was confirmed by matrix-assisted laser desorption 

ionization – time of flight (MALDI-TOF) mass spectrometry. Upon confirmation of the 

peptides, purification was carried out on reverse phase high performance liquid 

chromatography (RP-HPLC) to greater than 95% purity. The crude yield of peptide 

synthesis, molecular formula, calculated [MH+], and observed m/z of GCN4 peptides 

are shown in Table 2-1. 
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Table 2-1. Crude Yield of Peptide Synthesis, Molecular Formula, Calculated [MH+], 

and Observed m/z of GCN4 Peptides 

Peptide Crude 

Yield (%) 

Molecular Formula Calculated 

[MH+] 

Observed m/z in 

MALDI-TOF MS 

GCN4-Abu 44.8 C174H294N52O54S  4009.17 4008.9 

GCN4-Allo Ile 57.7 C176H298N52O54S 4037.20 4036.5 

GCN4-Asn 58.2 C174H293N53O55S 4038.16 4037.6 

GCN4-Asp 51.3 C174H292N52O56S 4039.14 4038.5 

GCN4-Cha 49.2 C179H302N52O54S 4077.23 4077.1 

GCN4-Cpa 57.1 C178H300N52O54S 4063.21 4062.8 

GCN4-Gln 58.8 C175H295N53O55S 4052.17 4051.4 

GCN4-Glu 61.3 C175H294N52O56S 4053.16 4052.3 

GCN4-Ile 47.0 C176H298N52O54S 4037.20 4036.9 

GCN4-Leu 54.8 C176H298N52O54S 4040.64a 4039.3a 

GCN4-Nle 58.4 C176H298N52O54S 4037.20 4036.5 

GCN4-Nva 50.7 C175H296N52O54S 4023.18 4022.6 

GCN4-Pff 57.7 C179H291F5N52O54S 4161.14 4160.8 

GCN4-Phe 63.9 C179H296N52O54S 4073.66a 4073.1a 

GCN4-Tba 57.3 C177H300N52O54S 4051.21 4051.2 

GCN4-Val 43.0 C175H296N52O54S 4023.18 4023.1 
aObserved m/z and calculated [MH+] of GCN4-Leu and GCN4-Phe were given as average molecular 

weight. For the rest of the peptides, exact mass was given. 

 

UV-Visible Spectroscopy (UV-vis) of GCN4-Derived Peptides 

  The concentration of the peptide stock solutions was determined by the tyrosine 

absorbance in 6 M guanidinium chloride as described by Edelhoch.36, 37 UV data were 

obtained using 1 mm pathlength cells. Absorbance at 276 nm, 278 nm, 280 nm and 282 

nm were measured at different concentrations of peptide. Linear regression was 
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performed to obtain the concentration. Data with correlation coefficients (R) less than 

0.99 were discarded. Concentrations and regression coefficients for the GCN4 peptides 

are shown in Table 2-2.  

 

Table 2-2. Concentrations and Regression Coefficients of GCN4 Peptides 

Peptide Concentration (mM) Regression Coefficient 

GCN4-Abu 5.11±0.05 0.99914 

GCN4-Allo Ile 4.72±0.03 0.99950 

GCN4-Asn 5.01±0.03 0.99950 

GCN4-Asp 5.53±0.06 0.99856 

GCN4-Cha 4.9±0.1 0.99488 

GCN4-Cpa 5.05±0.04 0.99921 

GCN4-Gln 4.46±0.03 0.99940 

GCN4-Glu 4.32±0.04 0.99911 

GCN4-Ile 5.23±0.05 0.99914 

GCN4-Leu 4.90±0.04 0.99908 

GCN4-Nle 4.50±0.03 0.99954 

GCN4-Nva 5.40±0.04 0.99926 

GCN4-Pff 5.14±0.07 0.99781 

GCN4-Phe 6.65±0.04 0.99959 

GCN4-Tba 4.54±0.04 0.99920 

GCN4-Val 3.73±0.03 0.99906 

 

Circular Dichroism (CD) Spectroscopy of GCN4-Derived Peptides 

  CD data was acquired at 30 µM peptide concentration in 50 mM phosphate and 150 

mM NaCl buffer at pH 7 and 4 °C.18 The magnitude of the CD signal at 222 nm reflects 
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the helical content of a coiled coil.38 The CD spectra of peptides are shown in Figure 

2-7, and the MRE values at 222 nm ([θ]222) are listed in Table 2-3.  

 

 (a)          (b) 

 
(c)          (d) 

 

Figure 2-7. CD spectra of GCN4-Xaa peptides at 30 µM peptide concentration in 50 

mM phosphate and 150 mM NaCl buffer at pH 7 and 4 °C. (a) CD spectra of 

GCN4-Xaa peptides in which Xaa are residues with linear chains. (b) CD spectra of 

GCN4-Xaa peptides in which Xaa are residues with β-branched side chains. (c) CD 

spectra of GCN4-Xaa peptides in which Xaa are residues with γ-branched side chains. 
(d) CD spectra of GCN4-Xaa peptides in which Xaa are residues with polar side chains. 
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Table 2-3. [θ]222 at 0 M Guanidinium, Melting Concentrations ([C]m), m values, and 

ΔGunfold, H2O of GCN4 Peptides 

Peptides [θ]222 

(deg cm2 dmol-1) 

[C]m (M)a m Valueb ΔGunfold, H2O 

(kcal/mole)c 

GCN4-Abu -12800±300 0.45 -1.26±0.04 3.46±0.02 

GCN4-Nva -22900±400 1.35 -1.023±0.008 4.25±0.01 

GCN4-Nle -28900±500 1.15 -1.167±0.009 4.21±0.01 

GCN4-Ile -18500±400 0.85 -1.14±0.01 3.85±0.01 

GCN4-Allo Ile -24700±400 0.56 -1.241±0.005 3.557±0.003 

GCN4-Val -21900±400 0.66 -1.21±0.03 3.69±0.02 

GCN4-Leu -24800±400 2.44 -1.04±0.02 5.42±0.04 

GCN4-Tba -28100±600 2.67 -0.923±0.008 5.33±0.02 

GCN4-Cpa -26400±500 1.60 -1.15±0.02 4.71±0.03 

GCN4-Cha -24300±600 1.25 -1.033±0.008 4.15±0.01 

GCN4-Phe -25400±400 0.45 -1.34±0.02 3.478±0.009 

GCN4-Pff -9700±400 0.05 -1.4±0.1 2.92±0.03 

GCN4-Asp -3600±300 --d --d --d 

GCN4-Asn -5900±400 --d --d --d 

GCN4-Glu -20900±400 0.05 -1.13±0.01 2.922±0.004 

GCN4-Gln -18500±500 0.15 -1.25±0.02 3.053±0.009 
a[C]m is the concentration of guanidinium chloride at which 50% of the total peptide is unfolded. bm value 

is the slope of the regression line for fitting of ΔGunfold, H2O. cΔGunfold, H2O is the free energy required for the 

coiled coil to unfold at 0 M guanidinium chloride. dThese peptides barely fold even at 0 M of 

guanidinium chloride. Therefore, [C]m, m value, and ΔGunfold, H2O cannot be deduced.  

  The helical content of GCN4-Xaa with linear Xaa residues (Abu, Nva, and Nle) 

increased with increasing side chain length. This indicates that a longer linear side chain 

at the coiled coil interface reinforces the coiled coil helical structure. When side chains 

of Xaa are β-branched, the helical content of the peptides followed the trend: GCN4-Ile 

< GCN4-Val < GCN4-Allo Ile. There does not appear to be any structural reason for 
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this trend. Regardless, Ile and Allo Ile are diastereomers with opposite chirality at the 

Cβ. Surprisingly, the unnatural side chain structure yielded a higher helical content in 

the coiled coil. For γ-branched amino acids, the helical content followed the trend: 

GCN4-Pff < GCN4-Cha < GCN4-Leu < GCN4-Phe < GCN4-Cpa < GCN4-Tba. Still, 

no simple obvious structural explanation can be deduced from this trend. Regardless, 

the helical content of GCN4-Pff was significantly lower than the rest of the group, 

indicating that the bulky and very hydrophobic pentafluorophenyl group imposes 

adverse effects onto the coiled coil structure. For the polar amino acids, the helical 

content followed the trend: GCN4-Asp < GCN4-Asn < GCN4-Gln < GCN4-Glu. 

Apparently, the longer the side chain, the higher the helical content. However, the 

contribution of the carboxylate (-COO-) and amide (-CONH2) groups to the coiled coil 

structure remains unclear. 

  The θ222 signal is a measure of the helical content of a peptide. It does not provide 

information on the stability of a coiled coil. In other words, a peptide with a higher 

helical content does not guarantee that the peptide is also more stable. Therefore, 

guanidinium titration was performed to assess the stability of the coiled coils.  
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Guanidinium Denaturation of GCN4-Derived Peptides 

 Guanidinium denaturation experiments were performed at 30 µM peptide in 50 

mM phosphate, 150 mM NaCl, and 0 M to 6 M (with 0.1 M intervals) guanidinium 

chloride at pH 7 and 4 °C.18 CD was used to monitor the denaturation process and the 

signal at 222 nm was acquired at various guanidinium chloride concentrations. The 

coiled coil structure gradually unfolded upon addition of guanidinium chloride, leading 

to the decrease in CD signal. Suitable CD signals were chosen to derive the folded and 

unfolded baselines.39 These baselines describe the expected CD signal at different 

guanidinium concentrations for a fully folded dimer and a fully unfolded monomer 

(Figure 2-8). The fraction unfolded of a given peptide at each guanidinium 

concentration can be derived using the unfolded and folded baselines.39 The melting 

concentrations ([C]m, concentration of guanidinium chloride at which 50% of the total 

peptides is unfolded) of the GCN4-based peptides are shown in Table 2-3. The 

denaturation curves and graphs showing the fraction unfolded are shown in Figures 2-9 

and 2-10.  
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Figure 2-8. A typical guanidinium titration curve with the proper folded and unfolded 

baselines depicted. The denaturation curve for GCN4-Tba is shown.  

 

  Peptide GCN4-Nva and GCN4-Nle exhibited different θ222 at 0 M guanidinium 

(Figure 2-9a). However, the denaturation curves gradually overlapped as the 

guanidinium concentration increased. This also happened for GCN4-Ile, GCN4-Allo Ile, 

and GCN4-Val (Figure 2-9b). On the other hand, GCN4-Cha and GCN4-Leu exhibited 

similar θ222 at 0 M guanidinium, but the denaturation curves diverged as guanidinium 

increased in concentration (Figure 2-9c). As mentioned above, θ222 represents the helical 

content of a peptide but provide no information on the stability of a coiled coil. 

Therefore, it is not surprising for some coiled coils to exhibit different starting θ222 but 

gradually overlapping denaturation curves, or to exhibit similar θ222 but gradually 

diverging denaturation curves.  

  A peptide with a higher [C]m means that a higher concentration of guanidinium is  
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(a)          (b) 

 
(c)           (d) 

 
Figure 2-9. Guanidinium denaturation curves for GCN4-Xaa peptides at 30 µM peptide 

in 50 mM phosphate, 150 mM NaCl, and 0 M to 6 M (with 0.1 M intervals) 

guanidinium chloride at pH 7 and 4 °C as monitored by CD at 222 nm reported in mean 

residue ellipticity. (a) Guanidinium denaturation curves of GCN4-Xaa peptides in which 

Xaa are residues with linear side chains. (b) Guanidinium denaturation curves of 

GCN4-Xaa peptides in which Xaa are residues with β-branched side chains. (c) 

Guanidinium denaturation curves of GCN4-Xaa peptides in which Xaa are residues 

with γ-branched side chains. (d) Guanidinium denaturation curves of GCN4-Xaa 
peptides in which Xaa are residues with polar side chains. 
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(a)           (b) 

 
(c)           (d)  

 

Figure 2-10. Fraction unfolded as a function of guanidinium concentration for 

GCN4-Xaa peptides as derived from the guanidinium denaturation curves. (a) Fraction 

unfolded plots for GCN4-Xaa peptides in which Xaa are residues with linear side chains. 

(b) Fraction unfolded plots for GCN4-Xaa peptides in which Xaa are residues with 

β-branched side chains. (c) Fraction unfolded plots for GCN4-Xaa peptides in which 

Xaa are residues with γ-branched side chains. (d) Fraction unfolded plots for 
GCN4-Xaa peptides in which Xaa are residues with polar side chains. 
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needed to denature half of the peptides. In other words, the peptide is more resilient 

towards guanidinium denaturation. For the linear residues, [C]m followed the trend: 

GCN4-Abu < GCN4-Nle < GCN4-Nva (Table 2-3). There does not appear to be any 

structural reason for this trend. For β-branched amino acids, [C]m followed the trend: 

GCN4-Allo Ile < GCN4-Val < GCN4-Ile (Table 2-3). Peptide GCN4-Ile is more stable 

than GCN4-Val, consistent with the hydrophobicity trend Ile > Val. Allo Ile and Ile 

share the same stereochemistry at the Cα, but have opposite chirality at the Cβ. This 

may impair the packing of the Allo Ile side chain at the coiled coil interface, making 

GCN4-Allo Ile more susceptible to guanidinium denaturation compared to GCN4-Ile. 

For the aliphatic γ-branched residues, the [C]m followed the trend: GCN4-Cha < 

GCN4-Cpa < GCN4-Leu < GCN4-Tba (Table 2-3). The difference between GCN4-Leu 

and GCN4-Tba can be attributed to the hydrophobicity of Leu versus Tba. However, 

Cpa and Cha exhibit higher hydrophobicity, and are larger in size and higher in rigidity 

compared to Leu and Tba. The larger and more rigid side chains may introduce 

unfavorable steric clashes at the coiled coil interface, overwhelming the stabilization 

effects from the increase in hydrophobicity. The Cha, Phe, and Pff residues all bear a 

six-membered ring. The [C]m followed the trend: GCN4-Pff < GCN4-Phe < GCN4-Cha 
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(Table 2-3). The side chain of Cha and Phe are similar in size. Nevertheless, the 

benzene ring of Phe possesses a quadrupole whereas Cha is simply hydrophobic. The 

quadrupole may interfere with the packing of side chains in the interface, making the 

coiled coil more prone to be denatured by guanidinium. The superb hydrophobicity of 

Pff may disrupt the packing at the coiled coil interface in such a way that the coiled coil 

is to some extent distorted to allow for the maximum fluorous effect,25 which describes 

the superior affinity between fluorocarbons such that fluorocarbons form a fluorous 

phase distinct from organic phase,25 between the pentafluorophenyl groups. This can 

lead to the very low [C]m for GCN4-Pff. For the polar residues, GCN4-Asn and 

GCN4-Asp did not fold, whereas GCN4-Gln and GCN4-Glu were more well folded. 

The side chain of Asn and Asp are similar in structure compared to Leu. Therefore, Asn 

and Asp may pack in a similar pattern as Leu. While such a packing pattern can create a 

stabilizing hydrophobic contact for GCN4-Leu, the same packing pattern for 

GCN4-Asn and GCN4-Asp would place the polar entities at the hydrophobic interface, 

thereby destabilizing the coiled coil structure. On the other hand, one-methylene-longer 

side chains of Gln and Glu not only increased the side chain hydrophobicity, more side 

chain rotamers with the longer side chains can place the polar entities toward the 
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aqueous environment instead of at the interface, resulting in the relatively higher 

stability of the coiled coil structure. 

 

ΔGunfold, H2O of GCN4-Derived Peptides 

 The equilibrium constant (Keq) of “folded dimer!⇌ 2 unfolded monomer” was 

derived from the denaturation curves using the folded baseline and unfolded baseline. 

The ΔGunfold for each guanidinium concentration was derived from ΔGunfold = -RT ln Keq. 

The ΔGunfold was plotted as a function of the concentration of guaninidium chloride 

(Figure 2-11a). Data points near the melting concentration were fit linearly and 

extrapolated to 0 M guanidinium to obtain the ΔGunfold, H2O (Figure 2-11b). The slope of 

the line of the fit (m value) and the free energy of unfolding of GCN4 peptides are listed 

in Table 2-3 and graphed in Figure 2-12.  

  A higher ΔGunfold, H2O indicates that it is more unfavorable to unfold the coiled coil, 

and thus the coiled coil is more stable. The trend for ΔGunfold, H2O is generally the same 

as the trend for [C]m except for peptides GCN4-Leu and GCN4-Tba. The [C]m of  
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(a)           (b) 

  
Figure 2-11. The plot of ΔGunfold against guanidinium concentration for GCN4-Tba. (a) 

The plot of ΔGunfold against guanidinium concentration using all ΔGunfold data points. (b) 

The plot of ΔGunfold against guanidinium concentration using data points near the 

melting concentration. Line of fit was also shown.  
 

 
Figure 2-12. The bar graph of ΔGunfold, H2O of GCN4 peptides. 
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GCN4-Tba is greater than that of GCN4-Leu, whereas the order is reversed for ΔGunfold, 

H2O. This originates from the different slopes (m values) in the ΔGunfold - guanidinium  

concentration plots for the two peptides (Figure 2-10c, Figure 2-13). The slope is related 

to the number of the denaturant binding sites of a peptide.40-42 The steeper the slope, the 

more the denaturant binding sites, the more the surface area burial of a peptide.40-42 A 

larger surface area burial means that it is more difficult to denature the peptide, because 

the denaturant binding sites are buried.40-42 However, once the denaturation begins, the 

peptide unfolds readily because the numerous denaturant binding sites are now 

exposed.40-42 In other words, the peptide exhibits a higher cooperativity when the slope 

is steeper.40-42 A peptide with a higher ΔGunfold, H2O, a lower [C]m and a steeper slope (as 

in GCN4-Leu) suggests that it is more difficult to initiate the denaturation (a higher 

ΔGunfold, H2O), but denaturation occurs more readily (a lower [C]m and a steeper slope) 

once the process is initiated. On the other hand, a peptide with lower ΔGunfold, H2O, a 

higher [C]m and a flatter slope (as in GCN4-Tba) suggests that it is easier to initiate the 

denaturation (a lower ΔGunfold, H2O), but is more difficult for the denaturation process to 

complete (a higher [C]m and a flatter slope).  
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Figure 2-13. ΔGunfold of GCN4-Leu and GCN4-Tba. 
 

  The ΔGunfold,!H2O generally followed the trend γ-branched > linear > β-branched for the 

peptides with aliphatic Xaa. More specifically, the ΔGunfold,!H2O followed the trend: 

GCN4-Leu > GCN4-Nle > GCN4-Ile > GCN4-Allo Ile (Figure 2-12). The 

hydrophobicity of the four residues Leu, Nle, Ile, and Allo Ile are similar. As such, the 

side chain structures must play a role in coiled coil stability, leading to the significant 

differences in ΔGunfold,!H2O.!  

  Although Cha bears a γ-branched side chain and is more hydrophobic compared to 

Nle and Nva, the ΔGunfold,!H2O!is lower for GCN4-Cha compared to GCN4-Nle and 

GCN4-Nva. As mention earlier, Cha bears a large (and bulky) side chain, which may 

cause unfavorable steric clashes at the coiled coil interface. The stability gained from 

hydrophobicity and the γ-branched structure may not be sufficient to compensate for the 
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unfavorable steric clashes. This indicates that hydrophobicity, side chain shape, and side 

chain size all affect coiled coil stability. Therefore, as a first step to further elucidate the 

factors contributing to coiled coil stability, namely coiled coil propensity, 

hydrophobicity, and side chain size and shape, the coiled coil propensity for various 

amino acids were measured. 

 

Design of IaLd-Derived Peptides 

   Coiled coil propensity of the residues at the guest site affects inherent coiled coil 

stability. To measure coiled coil propensities, homodimeric parallel coiled coils were 

used (Figure 2-14). The sequence was based on DeGrado's23 and Hu's design.43 

Isoleucines were placed at the a positions, since Ile-Ile provides very stable a-a' 

interactions.43, 44 One asparagine was placed at the 4th a position to control the 

oligomeric state and orientation of the coiled coil.43 The d positions were occupied by 

leucines, the most favored residue at this position.27 Glutamic acid and lysine were 

placed at e and g positions respectively, providing interhelical Coulombic attractions 

and controlling coiled coil orientation. Many alanines were used because alanine has the 

highest coiled coil propensity.23 Tyrosine (Tyr) was incorporated to facilitate 
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concentration determination by UV-vis,36 and the Gly-Gly intervening sequence was 

included to minimize interference in the CD signal by the Tyr chromophore.45 Studies 

on IaLd-Allo Ile, IaLd-Ile, IaLd-Leu, IaLd-Tba and IaLd-Val were previously 

performed by Hsien-Po Chiu in our lab. These peptides, along with IaLd-Abu, 

IaLd-Cha, IaLd-Cpa, IaLd-Nle, IaLd-Nva, IaLd-Pff and IaLd-Phe, are reported in this 

chapter. IaLd-Asp, IaLd-Asn, IaLd-Glu and IaLd Gln were not included due to the 

following reasons. First, GCN4-Asn and GCN4-Asp barely folded. It would be difficult 

to discuss factors affecting the stabilities of these peptides. Second, the packing of polar 

residues in the coiled coil interface often involves buried water molecules and the 

formation of species of higher oligomeric state,12, 17 which complicates the discussion. 

Therefore, polar substituents were excluded in these experiments.  

IaLd-Xaa: 
Ac-YGGE IEALEKK IAALEXK IQALEKK NEALEKK IAAL - NH2 

 
Figure 2-14. Sequence and helical wheel of IaLd. X denotes the mutation sites.  
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Peptide Synthesis of IaLd-Derived Peptides 

  Peptides were synthesized using commercially available reagents by Fmoc-based 

solid peptide synthesis (SPPS). Nle and Cpa were Fmoc protected as described ealier 

(Scheme 1). The identity of the peptides was confirmed by MALDI-TOF mass 

spectrometry. Upon confirmation of the peptides, purification was carried out on reverse 

RP-HPLC to greater than 95% purity. The crude yield of peptide synthesis, molecular 

formula, calculated [MH+], and observed m/z of GCN4 peptides are shown in Table 2-4. 

 

Table 2-4. Crude Yield of Peptide Synthesis, Molecular Formula, Calculated [MH+], 

and Observed m/z of IaLd Peptides 

Peptide Crude 

Yield (%) 

Molecular 

Formula 

Calculated 

[MH+] 

Observed m/z in 

MALDI-TOF MS 

IaLd-Abu 62.6a C180H308N46O54 3979.29b 3978.6b 

IaLd-Cha 54.3 C185H316N46O54 4047.35b 4047.2b 

IaLd-Cpa 

iaIaLd 

55.7 C184H314N46O54 4033.33b 4032.9b 

IaLd-Nle 55.9 C182H312N46O54 4009.71 4008.8 

IaLd-Nva 56.7 C181H310N46O54 3995.68 3994.7 

IaLd-Pff 69.2a C185H305F5N46O5

4 

4133.68 4131.4 

IaLd-Phe 43.7a C185H310N46O54 4043.73 4042.4 
aApproximate yield is given here. These three peptides were initially synthesized together. Upon coupling 

of Xaa, the resin was divided into three portions, one portion for each peptide. The resin was not 

lyophilized, therefore, exact yield cannot be calculated. bObsreved m/z and calculated [MH+] were given 

as exact mass for IaLd-Abu, IaLd-Cha, and IaLd-Cpa. For other peptides, average molecular weights 

were given. 

 



!

! 50!

UV-Visible Spectroscopy (UV-vis) of IaLd-Derived Peptides 

  The concentration of the peptide stock solutions was determined by the tyrosine 

absorbance in 6 M guanidinium chloride as described by Edelhoch.36, 37 UV data were 

obtained using 1 mm pathlength cells. Absorbance at 276 nm, 278 nm, 280 nm and 282 

nm were measured at different concentrations of peptide. Linear regression was 

performed to obtain the concentration. Data with correlation coefficients (R) less than 

0.99 were discarded. Concentrations and regression coefficients of IaLd peptides are 

shown in Table 2-5.  

 

Table 2-5. Concentrations and Regression Coefficients of IaLd Peptides 

Peptide Concentration (mM) Regression Coefficient 

IaLd-Abu 2.97±0.06 0.99502 

IaLd-Cha 3.57±0.05 0.998 

IaLd-Cpa 

iaIaLd 

5.52±0.09 0.99685 

IaLd-Nle 2.73±0.04 0.99799 

IaLd-Nva 2.06±0.06 0.99208 

IaLd-Pff 8.7±0.1 0.99772 

IaLd-Phe 5.14±0.04 0.99920 

 

Circular Dichroism (CD) Spectroscopy of IaLd-Derived Peptides 

  CD measurements were performed at 20 µM peptide in 10 mM 3-(N-morpholino) 

-propanesulfonic acid (MOPS) at pH 7.5 and 25 °C.23 The magnitude of the CD signal 
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at 222 nm reflects the helical content of a coiled coil.38 The CD spectra of the peptides 

are shown in Figure 2-15, and the MRE values at 222 nm ([θ]222) are listed in Table 2-6.  

 

(a)         (b) 

 
(c)         (d) 

 
Figure 2-15. CD spectra of IaLd-Xaa at 20 µM peptide in 10 mM MOPS at pH 7.5 and 

25 °C. (a) CD spectra of IaLd-Xaa peptides in which Xaa are residues with linear side 

chains. (b) CD spectra of IaLd-Xaa peptides in which Xaa are residues with β-branched 
side chains. (c) CD spectra of IaLd-Xaa peptides in which Xaa are residues with 

γ-branched aliphatic side chains. (d) CD spectra of IaLd-Xaa peptides in which Xaa are 

residues with γ-branched aromatic side chains.  
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Table 2-6. [θ]222 at 0 M Guanidinium, Melting Concentrations ([C]m), m values, and 

ΔGunfold, H2O of IaLd Peptides 

Peptides [θ]222 

(deg cm2 dmol-1) 

[C]m (M) m Value ΔGunfold, H2O 

(kcal/mole) 

IaLd-Abu -19300±500 3.49 -1.06±0.02 6.97±0.07 

IaLd-Nva -27500±900 3.64 -1.02±0.02 6.92±0.06 

IaLd-Nle -27100±800 3.58 -1.02±0.02 6.86±0.06 

IaLd-Ile -24100±300 3.31 -1.146±0.005 6.99±0.02 

IaLd-Allo Ile -25700±300 3.00 -1.08±0.01 6.46±0.03 

IaLd-Val -20800±400 3.15 -1.126±0.006 6.75±0.02 

IaLd-Leu -26700±300 3.73 -1.155±0.009 7.52±0.03 

IaLd-Tba -25700±200 3.53 -1.11±0.02 7.15±0.09 

IaLd-Cpa -25600±800 3.56 -1.08±0.02 7.05±0.08 

IaLd-Cha -26400±800 3.55 -1.05±0.02 6.96±0.08 

IaLd-Phe -22500±400 3.16 -1.08±0.02 6.61±0.06 

IaLd-Pff -10200±300 2.84 -0.94±0.02 5.88±0.06 

 

  The helical content of the the IaLd peptides with linear Xaa side chains followed the 

trend: IaLd-Abu < IaLd-Nva � IaLd-Nle (Figure 2-15a). For β-branched amino acids, 

the helical content of the IaLd peptides followed the trend: IaLd-Val < IaLd-Ile � 

IaLd-All Ile (Figure 2-15b). For these two groups, the longer side chain resulted in a 

higher helical content, as observed in monomeric helices.46 Furthermore, the IaLd 

peptides with β-branched amino acids generally exhibited lower helical content 

compared to those with linear amino acids, which is also consistent with previous 

reports on monomeric helices.47, 48 For γ-branched amino acids, the helical content of 
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the IaLd peptides followed the trend: IaLd-Pff < IaLd-Phe < IaLd-Tba < IaLd-Leu � 

IaLd-Cpa < IaLd-Cha (Figure 2-15c and d). The helical content of all IaLd peptides 

with aliphatic γ-branched amino acids were similar, whereas the helical content of 

IaLd-Pff was significantly different from the others. The unique property of IaLd-Pff 

may originate from the superb hydrophobicity of the pentafluorophenyl group.49 The 

coiled coil structure may be distorted to minimize the contact of Pff with surrounding 

water molecules. As described in GCN4 section, helical content alone does not provide 

information on coiled coil stability. Therefore, guanidinium denaturation experiments 

were performed.  

 

Guanidinium Denaturation of IaLd-Derived Peptides 

 Guanidinium denaturation experiments were performed with 20 µM peptide 

concentration in 10 mM MOPS with 0 to 6 M (at 0.1 M intervals) guanidinium chloride 

at pH 7.5 and 25 °C.23 The denaturation process was monitored by CD, and the CD 

signal at 222 nm was acquired. A coiled coil gradually unfolds upon addition of 

guanidinium chloride, leading to the decrease of CD signal. The folded and unfolded 

baselines for each peptide were determined using suitable CD signals by linear 
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regression methods.39 These baselines describe the expected CD signal at different 

guanidinium concentrations for the fully folded dimer and a fully unfolded monomer. 

The fraction unfolded of a given peptide at each guanidinium concentration can be 

derived using the unfolded and folded baselines.39 The melting concentrations ([C]m,) of 

IaLd peptides are shown in Table 2-6. The denaturation curves and graphs showing 

fraction unfold are shown in Figure 2-16 and Figure 2-17.  

  The [C]m of the IaLd peptides with linear amino acids were basically the same 

regardless of side chain length (Table 2-6). For the IaLd peptides with β-branched 

residues, [C]m followed the trend: IaLd-Allo < IaLd-Val < IaLd-Ile. The [C]m for the 

peptides with linear amino acids were higher than that for peptides with β-branched 

amino acids, indicating that the linear side chains were more favorable in coiled coil 

structures. For the aliphatic γ-branched amino acids, the [C]m for IaLd-Leu was slightly 

higher, whereas the [C]m of IaLd-Tba, IaLd-Cpa, and IaLd-Cha were the same. The 

difference in stability between IaLd-Phe and IaLd-Pff can be attributed to the difference 

in hydrophobicity.  
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(a)         (b) 

 
(c)         (d)  

 

Figure 2-16. Guanidinium denaturation curves for IaLd-Xaa peptides at 20 µM peptide 

concentration in 10 mM MOPS with 0 to 6 M (at 0.1 M intervals) guanidinium chloride 

at pH 7.5 and 25 °C as monitored by CD at 222 nm reported in mean residue ellipticity. 

(a) Guanidinium denaturation curves of IaLd-Xaa peptides in which Xaa are residues 

with linear side chains. (b) Guanidinium denaturation curves of IaLd-Xaa peptides in 

which Xaa are residues with β-branched side chains. (c) Guanidinium denaturation 

curves of IaLd-Xaa peptides in which Xaa are residues with γ-branched aliphatic side 
chains. (d) Guanidinium denaturation curves of GCN4-Xaa peptides in which Xaa are 

residues with γ-branched aromatic side chains. 
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(a)         (b) 

 

(c)         (d) 

 

Figure 2-17. Fraction unfolded as a function of guanidinium concentration for 

IaLd-Xaa peptides as derived from guanidinium denaturation curves. (a) Fraction 

unfolded plots for IaLd-Xaa peptides in which Xaa are residues with linear side chains. 

(b) Fraction unfolded plots for IaLd-Xaa peptides in which Xaa are residues with 

β-branched side chains. (c) Fraction unfolded plots for IaLd-Xaa peptides in which Xaa 

are residues with γ-branched aliphatic side chains. (d) Fraction unfolded plots for 

IaLd-Xaa peptides in which Xaa are residues with γ-branched aromatic side chains. 
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ΔGunfold, H2O of IaLd-Derived Peptides 

 The equilibrium constant (Keq) of “folded dimer!⇌ 2 unfolded monomer” was 

derived from the denaturation curves using the folded baseline and unfolded baseline. 

The ΔGunfold for each guanidinium concentration was derived from ΔGunfold = -RT ln Keq. 

The ΔGunfold was plotted as a function of the concentration of guaninidium chloride. 

Data points near the melting concentration were fit linearly and extrapolated to 0 M 

guanidinium to obtain the ΔGunfold, H2O. The slope of the linear fit (m value) and the free 

energy of unfolding of IaLd peptides are listed in Table 2-6 and graphed in Figure 2-18.  

 
Figure 2-18. The bar graph of ΔGunfold, H2O of IaLd peptides. 
 

  The ΔGunfold, H2O of the IaLd peptides with natural Xaa side chains followed the trend: 

IaLd-Phe < IaLd-Val < IaLd-Ile < IaLd-Leu (Table 2-6, Figure 2-18), which is 
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generally the same as the trend of the helix propensity Val < Phe < Ile < Leu.23 IaLd-Pff 

has the lowest ΔGunfold, H2O, in coherence with previous reports that Pff has a low helix 

propensity.49  

 

Measuring Hydrophobicities of the Amino Acids 

  Hydrophobicity was measured by thin layer chromatography (TLC).50 The TLC of 

the amino acids were performed with n-butanol - 0.05 M ammonium acetate (2:1) and 

n-butanol - 50% acetic acid (2:1) on cellulose plates. The spots were detected by 

ninhydrin. Rf value of each amino acids were measured and converted into log Pow 

values (ow: n-octanol - water) to conform with the Hansch definition of the 

hydrophobic parameter.50, 51 The amino acids include: Abu, Nle, Nva, Ile, Allo Ile, Val, 

Leu, Tba, Cha, Phe, and Pff. The experimentally derived log Pow values are listed in 

Table 2-7. Data (except for Cpa) was obtained by Hsien-Po Chiu. 

 

Table 2-7. log Pow of the Amino Acids 

 

Abu Nva Nle Ile Allo Ile Val Leu Tba Cpa Cha Phe Pff 

log Pow -2.54 -1.87 -1.29 -1.57 -1.60 -2.11 -1.44 -1.14 -0.94 -0.61 -1.58 -0.65 
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Size and Shape Parameters 

  Several parameters have been developed over the past decades to describe the size 

and shape of a molecule. Common parameters include Taft's steric parameter (Es),52 

sterimol parameters (L, B1, B5),53, 54 and molecular refractivity (MR).55, 56 Taft's steric 

parameter (Es) is defined as Es = log (kR/kCH3)A, in which kR is the rate constant of the 

hydrolysis of RCOOMe, kCH3 is the rate constant of the hydrolysis of CH3COOMe, and 

A denotes that it is an acid-catalyzed hydrolysis.52, 57 Es can be expressed in turns of the 

van der Waals radius of the molecule.52, 57 Es is a parameter that considers both the size 

and shape of the molecule.57 Sterimol parameters describe the shape of a molecule with 

L, B1, and B5.53, 54, 57 L represents the length of a substituent along the axis of the bond 

between the first atom of the substituent and the parent molecule.54, 57 B1 is the 

parameter for the minimum width that is perpendicular to L, and B5 is for the maximum 

width.54, 57 Sterimol parameters consider both the size, and especially the shape, of a 

molecule.57 Molecular refractivity (MR) is defined as MR = [(n2-1)/(n2+2)] (MW/d), in 

which n is the refractive index of the molecule, MW is the molecular weight, and d is 

the density of the molecule.57 For organic compounds, n differs in a small range. 

Therefore, MR is actually a small correction on the volume (MW/d) of the molecule, 
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and it contains no information on the shape of the molecule.57 Apart from these 

parameters, the volumes of the molecules were calculated using Discovery Studio. The 

Es, [L, B1, B5], MR, and the volumes of the side chain of Abu, Nva, Nle, Ile, Allo Ile, 

Val, Leu, Tba, and Cha are listed in Table 2-8.  

 
Table 2-8. Es, [L, B1, B5], MR, and the Volume of the Amino Acids Side Chains 

 

aValues from Hansch, C.; Leo, A.; Heller, S. R. Exploring QSAR: Hydrophobic, Electronic, and Steric 

Constants. ACS, 1995. bVolume calculated by Discovery Studio 2.1 using CFF forcefield and dielectric 

constant 80, and was probed with 1.4 Å radius.  

 

Discussion 

  ΔGunfold, H2O of GCN4 peptides reflect the overall outcome originating from the 

different contribution of coiled coil propensity, hydrophobicity, and side chain size and 

shape to coiled coil stability. The coiled coil propensity, hydrophobicity, and side chain 

 Es
a La B1a B5a MRa Volume (Å3)b 

Abu -1.31 4.11 1.52 3.17 1.03 38.452 

Nva -1.6 4.92 1.52 3.49 1.5 55.810 

Nle -1.63 6.17 1.52 4.54 1.96 79.112 

Ile -2.37 4.92 1.9 3.49 1.96 79.112 

Allo Ile -2.37 4.92 1.9 3.49 1.96 79.112 

Val -1.71 4.11 1.9 3.17 1.5 55.810 

Leu -2.17 4.92 1.52 4.45 1.96 77.843 

Tba -2.98 4.89 1.52 4.18 2.42 91.012 

Cha -2.22 6.09 1.52 5.42 3.13 114.385 

Phe -1.62 4.62 1.52 6.02 3 93.091 
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size and shape of the substituents were obtained to deduce the detailed contribution of 

these factors to GCN4 coiled coil stability. Το remove the intrinsic preference of an 

amino acid to adopt a coiled coil structure from the overall GCN4 staility, ΔGunfold, H2O 

of IaLd peptides was subtracted from ΔGunfold, H2O of GCN4 peptides. The "residual 

energy" should represent the interhelical interaction in the GCN4-based coiled coils. 

The residual energies were then fitted to log Pow, Es, MR, [L, B1, B5], and side chain 

volume respectively. However, data related to Phe and Pff were not included in the 

fitting. Unlike other amino acids with aliphatic side chains, Phe and Pff bear aromatic 

and fluoro groups, complicating the hydrophobicity and interface packing. Also, 

GCN4-Pff folded poorly, making accurate determination of ΔGunfold, H2O difficult. 

Furthermore, preliminary results showed that the exclusion of Phe and Pff in the process 

of fitting yielded higher correlations between the parameters and energies. Therefore, 

only residues with aliphatic side chain were included in the analysis. The graph, 

equation, and R value of each regression are shown in Figure 2-19 and Table 2-9. The 

regression between the residual energy and [L, B1, B5] can not be shown graphically 

because it is in a 4-dimensional space.   

  The higher the R value, the higher the correlation, the greater the contribution of the  
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Table 2-9. Equations and R values of the Regressions Between Residual Energya, log 

Pow, Es, MR, [L, B1, B5], and Side Chain Volume 

Parameter Equation R value 

log Pow residual energy = 0.5317 log Pow - 1.9038 0.57668 

Es residual energy = -0.6265 Es - 4.0184 0.62627 

L, B1, B5 residual energy = -0.2612 L -0.4911 B1 + 0.4772 B5 - 2.5013 0.56036 

MR residual energy = 0.4094 MR - 3.5328 0.47187 

Side chain volume residual energy = 0.0113 side chain volume - 3.5881 0.48617 
aresidual energy = ΔGunfold,!H2O!(GCN4-Xaa) - ΔGunfold,!H2O (IaLd-Xaa)   

 

(a)        (b) 

 
(c)        (d) 

 
Figure 2-19. Regressions between the residual energy and log Pow, Es, MR, and side 

chain volume. (a) Residual energy - log Pow. (b) Residual energy - Es. (c) Residual 

energy - MR. (d) Residual energy - side chain volume. 
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parameter to interhelical interaction for coiled coil stability. The R values for the 

various parameters followed the trend: Es > log Pow ≥ [L, B1, B5] > side 

chain volume ≥ MR. As described above, MR and side chain volume provide 

information on the size of a molecule, whereas Es and [L, B1, B5] consider both the size 

and shape of a molecule. Within these four parameters, the R values for Es and [L, B1, 

B5] are higher than those of MR and side chain volume, meaning that Es and [L, B1, B5] 

are more correlated to the residual energy than MR or side chain volume. This indicates 

that the size of the residue side chain in the coiled coil interface alone is insufficient to 

explain the interhelical interaction, and the shape of a molecule should also be taken 

into account. The R value of log Pow is slightly lower than that of Es, meaning that log 

Pow is slightly less correlated to the residual energy than Es. This indicates that 

hydrophobicity participates slightly lesser than the structural properties of the residue 

side chain to the interhelical interaction in a coiled coil. To build up the relationship 

between the interhelical interaction of a coiled coil, hydrophobicity, and the structural 

property of the residues in the coiled coil interface, the residual energy was fitted with 

log Pow and Es. Es was chosen because it is the parameter that correlates best to the 

residual energy among the four structural parameters. The regression yielded as follows: 
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residual energy = - 0.4359 Es + 0.2755 log Pow - 3.1961, R = 0.66723. 

The coefficient of Es is -0.6265 when the residual is fitted with Es alone, and changes to 

-0.4359 when the residual energy is fitted with both Es and log Pow. The latter is 69.9% 

of the former. For log Pow, the coefficient changes from 0.5317 to 0.2755, and the latter 

is 51.8% of the former. The percentage shows "to what extent is the relationship 

between the residual energy and Es (or log Pow) remained when more parameters are 

included in the fitting". For instance, 69.9% of Es means that the dependence of the 

residual energy on Es dropped to 69.9% of the original when log Pow was taken into the 

fitting. Therefore, the greater percentage of Es (69.9%, in comparison to 51.8% of log 

Pow) means that the dependence of the residual energy on Es remains more than log Pow, 

indicating that Es contributes more to the residual energy. Therefore, in the system 

discussed here (coiled coils with residues bearing aliphatic side chains in the interface), 

the structural properties of the residue in the coiled coil interface participate more than 

the hydrophobicity to the interhelical interaction.  
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Conclusion 

  Hydrophobicity of the residues at the d positions in a coiled coil has long been 

recognized as the determining factor for coiled coil stability.10 Although previous 

studies have shown that side chain structure also affects coiled coil stability, no 

systematic investigation has been performed to probe the relationship between side 

chain structure and coiled coil stability. In this study, unnatural amino acids with 

various side chain structures and properties were incorporated into coiled coils. 

Examining coiled coil propensities, hydrophobicities, and side chain size and shape, 

conclusions can be drawn from coiled coil bearing substituent with aliphatic side chain. 

First, side chain structural preference follows the trend γ-branched > linear > 

β-branched. Second, the size and shape of the residue side chain contribute slightly 

more than hydrophobicity to the coiled coil stability in coiled coils with aliphatic 

residues in the interface. 
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Experimental Section 

General Materials and Methods 

Reagents and solvents were used without further purification. All of the chemical 

reagents except those indicated otherwise were purchased from Sigma Aldrich. 

Diisopropylethylamine (DIEA), piperidine, trifluoroacetic acid (TFA), and acetic 

anhydride were from Acros. Guanidine hydrochloride was from Fluka. 

Dimethylformamide (DMF) was from Mallinckrodt. Methanol, acetonitrile, and 

Fmoc-Arg(Pbf)-Wang resin (100-200 mesh) were from Merck. Amino acids, 

1-hydroxybenzotriazole (HOBt), and O-1H-benzotriazol-1-yl- 

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were from NovaBiochem. 

Analytical reverse phase (RP)-HPLC was performed on an Agilent 1200 series 
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chromatography system using a Vydac C18 column (4.6 mm diameter, 250 mm length). 

Preparative RP-HPLC was performed on a Waters Breeze chromatography system 

using Vydac C4 and C18 column (22 mm diameter, 250 mm length). Mass 

spectrometry of the peptides was performed on a matrix-assisted laser desorption 

ionization time-of-flight (MALDI-TOF) spectrometer (Bruker BIFLEX) using 

α-cyano-4-hydroxycinnamic acid as the matrix. Determination of peptide concentration 

was performed on a UV-Vis spectrophotometer (Jasco V-650). Circular dichroism (CD) 

spectra were collected on a Jasco J-815 spectrometer using 1 mm pathlength cells. 

 

Fmoc-Allo-Ile-OH. H-Allo-Ile-OH (0.08 g, 0.61 mmol, 1 equivalent) was dissolved in 

Na2CO3 solution (4 mL). This solution was kept at pH 10 and over an ice-water bath. 

Fmoc-OSu (0.2160 g, 0.64 mmol, 1.05 equivalents) was dissolved in tetrahydrofuran 

(1.6 mL). The Fmoc-OSu/THF solution was added dropwise into the amino acid 

solution. The mixture was stirred for 3 hours. The pH was kept around 10 throughout 

the course of the reaction. For work up, THF was first removed under reduced pressure. 

The remaining basic aqueous solution was extracted with diethyl ether (3x10 mL). The 

aqueous fraction was then acidified with 1 M HCl until pH 2, followed by extraction 
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with ethyl acetate (3x10 mL). The organic fraction was dried over Na2SO4, and 

concentrated in vacuo. The crude was purified by flash chromatography (silica gel, 95% 

dichloromethane, 5% methanol) to yield a white solid (0.1953 g, 90.1% yield). TLC 

(silica gel, dichloromethane: methanol = 95: 5) Rf = 0.30; 1H NMR (400 MHz, CDCl3) 

(J in hertz) δ 7.75 (d, J = 7.6 Hz, 2H), 7.58 (d, J = 6.0 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 

7.29 (t, J = 7.2 Hz, 2H), 5.19 (d, J = 9.2 Hz, 1H), 4.49 (dd, J = 9.2 Hz, 3.6 Hz, 1H), 4.41 

(d, J = 7.2 Hz, 2H), 4.22 (t, J = 6.8 Hz, 1H), 2.02-1.98 (m, 1H), 1.44 (quin, J = 6.8 Hz, 

1H), 1.24 (quin, J = 7.6 Hz, 1H), 0.95 (t, J = 7.2 Hz, 3H), 0.89 (d, J = 6.8 Hz, 3H). 

ESI-MS calculated for C21H23NO4 [M+Na+]: 377.40, observed: 376.17. 

 

Fmoc-Cpa-OH. H-Cpa-OH (0.0805 g, 0.51 mmol, 1 equivalent) was dissolved in 

Na2CO3 solution (4 mL). This solution was kept at pH 10 and over an ice-water bath. 

Fmoc-OSu (0.1754 g, 0.52 mmol, 1.02 equivalents) was dissolved in tetrahydrofuran 

(1.5 mL). The Fmoc-OSu/THF solution was added dropwise into the amino acid 

solution. The mixture was stirred for 4 hours. The pH was kept at around 10 throughout 

the course of reaction. For work up, THF was first removed under reduced pressure. 

The remaining basic aqueous solution was extracted with diethyl ether (3x10 mL). The 
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aqueous fraction was then acidified with 1 M HCl until pH 2, followed by extraction 

with ethyl acetate (3x10 mL). The organic fraction was dried over Na2SO4, and 

concentrated in vacuo. The crude was purified by flash chromatography (silica gel, 

methanol:dichloromethane = 1:15) to yield white solid (0.1679 g, 86.9% yield). TLC 

(silica gel, methanol:dichloromethane = 1:15) Rf = 0.29; 1H NMR (400 MHz, CDCl3) δ 

7.74 (d, J = 7.6 Hz, 2H), 7.58-7.56 (m, 2H), 7.38 (t, J = 7.2 Hz, 2H), 7.29 (t, J = 7.2 Hz, 

2H), 5.15 (d, J = 8.4 Hz, 1H), 4.48-4.32 (m, 3H), 4.21 (t, J = 6.8 Hz, 1H), 1.94-1.42 (m, 

10H), 1.12 (bs, 2H) ppm. ESI-MS calculated for C23H25NO4 [M+Na+]: 402.44, observed: 

402.21.�

 

Fmoc-Nle-OH. H-Nle-OH (0.0810 g, 0.61 mmol, 1 equivalent) was dissolved in 

Na2CO3 solution (4 mL). This solution was kept at pH 10 and over an ice-water bath. 

The Fmoc-OSu (0.2163 g, 0.64 mmol, 1.05 equivalents) was dissolved in 

tetrahydrofuran (3.2 mL). Fmoc-OSu/THF solution was added dropwise into the amino 

acid solution. The mixture was stirred for 3 hours. The pH was kept at around 10 

throughout the course of the reaction. For work up, THF was first removed under 

reduced pressure. The remaining basic aqueous solution was extracted with diethyl 
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ether (3x10 mL). The aqueous fraction was then acidified with 1 M HCl until pH 2, 

followed by extraction with ethyl acetate (3x10 mL). The organic fraction was dried 

over Na2SO4, and concentrated in vacuo. The crude was purified by flash 

chromatography (silica gel, 95% dichloromethane, 5% methanol) to yield a white solid 

(0.1693 g, 78.5% yield). TLC (silica gel, dichloromethane: methanol = 95: 5) Rf = 0.30; 

1H NMR (400 MHz, CDCl3) (J in hertz) δ 7.74 (d, J = 7.6 Hz, 2H), 7.58 (dd, J = 6.8 Hz, 

2.4 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.29 (t, J = 7.2 Hz, 2H), 5.21 (d, J = 8 Hz, 1H), 

4.42-4.37 (m, 3H), 4.21 (t, J = 6.8 Hz, 1H), 1.90-1.86 (m, 1H), 1.71-1.67 (m, 1H), 1.35 

(m, 4H), 0.90 (t, J = 6 Hz, 3H). ESI-MS calculated for C21H23NO4 [MH+]: 354.41, 

observed: 354.21. 

�

Peptide Synthesis 

Fmoc-PAL-PEG-PS (0.05 mmole) or Fmoc-Arg(Pbf)-Wang resin (100-200 mesh) was 

swollen in N,N-dimethylformamide (DMF, 5 mL) for 30 minutes. The resin was then 

deprotected by 25% piperidine/DMF (3 mL, 5x8 min) and rinsed with DMF (3 mL, 7x1 

min). A mixture of 3 equivalents of the appropriately protected Fmoc amino acid, HOBt 

and HBTU was dissolved in DMF (1 mL). Diisopropylethylamine (DIEA, 8 equivalents) 
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was then added to the solution and mixed thoroughly. The solution was then applied to 

the resin. The vial that contained the solution was rinsed with DMF (2x1 mL) and added 

to the reaction. The first coupling was carried out for 8 hours. Other residues were 

coupled for 1.5 hours (IaLd peptides) or 3 hours (GCN4 peptides). After each coupling, 

the resin was washed with DMF (7x1 min). For capping with acetic anhydride (Ac2O), a 

solution of Ac2O (20 equivalents), DIEA (20 equivalents), DMF (1 mL) was added to 

the resin. The reaction was shaken for 3 hours. The resin was subsequently washed with 

DMF (3 mL, 7x1 min) and methanol (15 mL), and was lyophilized. The peptide was 

deprotected and cleaved off the resin by treating the resin with 95:5 trifluoroacetic acid 

(950 µL)/triisopropylsilane (50 µL) and shaken for 3 hours. The solution was then 

filtered through glass wool and the resin was washed with TFA (3x1 mL). The 

combined filtrate was evaporated by a gentle stream of N2. The resulting material was 

washed with hexanes (1 mL), dissolved in water, and lyophilized. The peptide (1 

mg/mL aqueous solution) was analyzed using analytical RP-HPLC on a C18 column 

with flow rate 1 mL/min, temperature 25°C, linear 1 %/min gradient from 100% A to 

0% A (solvent A: 99.9% water,0.1% TFA; solvent B: 90% acetonitrile, 10% water, 

0.1% TFA). Appropriate linear solvent A/solvent B gradient was used for purification 
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on preparative RP-HPLC on C4 and C18 columns. The identity of the peptide was 

confirmed by MALDI-TOF. 

 

GCN4-Abu 

(Ac-RMKQ  LEDKVEE  AbuLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 79.5 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 216.0 mg resin (44.8% yield). The cleavage 

yielded 84.1 mg of crude peptide (96.2% yield, 78.4% yield if included trifluoroacetic 

acid). The peptide was purified by preparative RP-HPLC using C4 and C18 column 

with linear gradients PLG28_40 and PLG33_43, respectively. GCN4-Abu was purified 

to 95.2% purity. Retention time on analytical RP-HPLC was 42.7 minutes. The identity 

of the peptide was confirmed by MALDI-TOF mass spectrometry. Calculated for 

C174H294N52O54S [MH+]: 4009.17; observed: 4008.9. 

 

GCN4-Allo Ile 

(Ac-RMKQ  LEDKVEE  Allo IleLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 159.5 mg (0.1 mmol) of Fmoc-Arg(Pbf)-Wang resin 
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(100-200 mesh). The synthesis gave 512.9 mg of resin (57.7% yield). The cleavage 

yielded 262.8 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG29_39 and 

PLG34_43, respectively. GCN4-Allo Ile was purified to 96.5% purity. Retention time 

on analytical RP-HPLC was 44.0 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C176H298N52O54S [MH+]: 4037.20; 

observed: 4036.5. 

 

GCN4-Asn 

(Ac-RMKQ  LEDKVEE  NLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 160.1 mg (0.1 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 530.7 mg of resin (58.2% yield). The cleavage 

yielded 403.3 mg of crude peptide (quantitative yield). The peptide is being purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG24_34 and 

PLG29_39, respectively. GCN4-Asn was purified to 95.6% purity. Retention time on 

analytical RP-HPLC was 40.4 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C174H293N53O55S [MH+]: 4038.16; 
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observed: 4037.6. 

 

GCN4-Asp 

(Ac-RMKQ  LEDKVEE  DLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 79.8 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 238.2 mg of resin (51.3% yield). The cleavage 

yielded 135.1 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG26_36 and 

PLG31_41, respectively. GCN4-Asp was purified to 95.9% purity. Retention time on 

analytical RP-HPLC was 41.4 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C174H292N52O56S [MH+]: 4039.14; 

observed: 4038.5. 

 

GCN4-Cha 

(Ac-RMKQ  LEDKVEE  ChaLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 79.7 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 231.4 mg of resin (49.2% yield). The cleavage 
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yielded 161 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG30_40 and 

PLG35_45, respectively. GCN4-Cha was purified to 96.8% purity. Retention time on 

analytical RP-HPLC was 45.5 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C179H302N52O54S [MH+]: 4077.23; 

observed: 4077.1. 

 

GCN4-Cpa 

(Ac-RMKQ  LEDKVEE  CpaLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 159.5 mg (0.1 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 510.8 mg of resin (57.1% yield). The cleavage 

yielded 321.8 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG30_40 and 

PLG35_44, respectively. GCN4-Cpa was purified to 95.7% purity. Retention time on 

analytical RP-HPLC was 44.6 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C178H300N52O54S [MH+]: 4063.21; 

observed: 4062.8. 
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GCN4-Gln 

(Ac-RMKQ  LEDKVEE  QLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 160.5 mg (0.1 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 535.3 mg of resin (58.8% yield). The cleavage 

yielded 404.5 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG26_36 and 

PLG31_40, respectively. GCN4-Gln was purified to 98.2% purity. Retention time on 

analytical RP-HPLC was 40.8 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C175H295N53O55S [MH+]: 4052.17 

observed: 4051.4. 

 

GCN4-Glu  

(Ac-RMKQ  LEDKVEE  ELSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 81.0 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 274.5 mg of resin (61.3% yield). The cleavage 

yielded 166.9 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG26_36 and 
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PLG31_41, respectively. GCN4-Glu was purified to 95.8% purity. Retention time on 

analytical RP-HPLC was 41.4 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C175H294N52O56S [MH+]: 4053.16; 

observed: 4052.3. 

 

GCN4-Ile 

(Ac-RMKQ  LEDKVEE  ILSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 79.5 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 223.4 mg of resin (47.0% yield). The cleavage 

yielded 133.4 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG29_39 and 

PLG33_43, respectively. GCN4-Ile was purified to 95.6% purity. Retention time on 

analytical RP-HPLC was 43.9 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C176H298N52O54S [MH+]: 4037.20; 

observed: 4036.9. 
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GCN4-Leu 

(Ac-RMKQ  LEDKVEE  LLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 79.7 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 255.6 mg of resin (54.8% yield). The cleavage 

yielded 187.7 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG29_39 and 

PLG33_43, respectively. GCN4-Leu was purified to 95.4% purity. Retention time on 

analytical RP-HPLC was 44.3 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C176H298N52O54S [MH+]: 4040.64; 

observed: 4039.3. 

 

GCN4-Nle 

(Ac-RMKQ  LEDKVEE  NleLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 160.2 mg (0.1 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 517.5 mg of resin (58.4% yield). The cleavage 

yielded 162.6 mg of crude peptide (56.5% yield, with TFA counter ion). The peptide 

was purified by preparative RP-HPLC using C4 and C18 column with linear gradients 
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PLG29_39 and PLG34_43, respectively. GCN4-Nle was purified to 95.2% purity. 

Retention time on analytical RP-HPLC was 43.8 minutes. The identity of the peptide 

was confirmed by MALDI-TOF mass spectrometry. Calculated for C176H298N52O54S 

[MH+]: 4037.20; observed: 4036.5. 

 

GCN4-Nva 

(Ac-RMKQ  LEDKVEE  NvaLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 79.9 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 234.6 mg of resin (50.7% yield). The cleavage 

yielded 152.5 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG28_38 and 

PLG33_43, respectively. GCN4-Nva was purified to 96.0% purity. Retention time on 

analytical RP-HPLC was 43.3 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C175H296N52O54S [MH+]: 4023.18; 

observed: 4022.6. 
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GCN4-Pff 

(Ac-RMKQ  LEDKVEE  PffLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 160.1 mg (0.1 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 520.5 mg of resin (57.7% yield). The cleavage 

yielded 460.7 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG30_40 and 

PLG35_45, respectively. GCN4-Pff was purified to 96.5% purity. Retention time on 

analytical RP-HPLC was 45.6 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C179H291F5N52O54S [MH+]: 4161.14; 

observed: 4160.8. 

 

GCN4-Phe 

(Ac-RMKQ  LEDKVEE  FLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 79.4 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 276.1 mg of resin (63.9% yield). The cleavage 

yielded 161.9 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG28_38 and 
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PLG33_43, respectively. GCN4-Phe was purified to 97.3% purity. Retention time on 

analytical RP-HPLC was 44.5 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C179H296N52O54S [MH+]: 4073.66; 

observed: 4073.1. 

 

GCN4-Tba 

(Ac-RMKQ  LEDKVEE  TbaLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 160.2 mg (0.1 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 511.5 mg of resin (57.3% yield). The cleavage 

yielded 306.7 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG30_40 and 

PLG34_44, respectively. GCN4-Tba was purified to 96.5% purity. Retention time on 

analytical RP-HPLC was 43.0 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C177H300N52O54S [MH+]: 4051.21; 

observed: 4051.2. 
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GCN4-Val 

(Ac-RMKQ  LEDKVEE  VLSKNYH  LENEVAR  LKKLVGE  R-OH) 

The peptide was synthesized using 79.9 mg (0.05 mmol) of Fmoc-Arg(Pbf)-Wang resin 

(100-200 mesh). The synthesis gave 211.3 mg of resin (43.0% yield). The cleavage 

yielded 161.0 mg of crude peptide (quantitative yield). The peptide was purified by 

preparative RP-HPLC using C4 and C18 column with linear gradients PLG28_38 and 

PLG33_43, respectively. GCN4-Val was purified to 97.5% purity. Retention time on 

analytical RP-HPLC was 43.2 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C175H296N52O54S [MH+]: 4023.18; 

observed: 4023.1. 

 

IaLd-half 

(Fmoc- KIQALEKKNEALEKKIAAL-NH2) 

The peptide was synthesized using 715.2 mg (0.12 mmol) of Fmoc-PAL-PEG-PS resin. 

The synthesis gave 1106.9 mg of resin (57.3% yield). Retention time on analytical 

RP-HPLC was 43.3 minutes. The identity of the peptide was confirmed by 

MALDI-TOF mass spectrometry. Calculated for C111H183N27O29 [MH+]: 2360.81; 
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observed: 2358.5. IaLd-half was further divided into 3 portions for synthesis of 

IaLd-Abu, IaLd-Phe and IaLf-Pff. 

 

IaLd-Abu 

(Ac-YGG EIEALEKK IAALEAbuK IQALEKK NEQLEKK IAAL-NH2) 

The peptide was synthesized using approximately 238.4 mg (0.04 mmol) of 

Fmoc-PAL-PEG-PS resin. The synthesis gave 376.3 mg of resin (approximately 62.6% 

yield). The cleavage yielded 116.4 mg of crude peptide (quantitative yield). The peptide 

was purified by preparative RP-HPLC using C4 and C18 column with linear gradient 

PLG32_43 and PLG37_47, respectively. IaLd-Abu was purified to 98.9% purity. 

Retention time on analytical RP-HPLC was 47.9 minutes. The identity of the peptide 

was confirmed by MALDI-TOF mass spectrometry. Calculated for C180H308N46O54 

[MH+]: 3979.29; observed: 3978.6. 

 

 

 

 



!

! 84!

IaLd-Cha 

(Ac-YGG EIEALEKK IAALEChaK IQALEKK NEQLEKK IAAL-NH2) 

The peptide was synthesized using 501.0 mg (0.1 mmol) of Fmoc-PAL-PEG-PS resin. 

The synthesis gave 796.4 mg of resin (approximately 54.3% yield). Half of the 

synthesis product was cleaved, and the cleavage yielded 133.8 mg of crude peptide 

(quantitative yield). The peptide was purified by preparative RP-HPLC using C4 and 

C18 column with linear gradient PLG34_44 and PLG39_49, respectively. IaLd-Cha 

was purified to 96.1% purity. Retention time on analytical RP-HPLC was 48.0 minutes. 

The identity of the peptide was confirmed by MALDI-TOF mass spectrometry. 

Calculated for C185H316N46O54 [MH+]: 4047.35; observed: 4047.2. 

  

IaLd-Cpa 

(Ac-YGG EIEALEKK IAALECpaK IQALEKK NEQLEKK IAAL-NH2) 

The peptide was synthesized using 503.2 mg (0.1 mmol) of Fmoc-PAL-PEG-PS resin. 

The synthesis gave 805.4 mg of resin (approximately 55.7% yield). Half of the total 

synthesis product was cleaved, and the cleavage yielded 108.6 mg of crude peptide 

(80.6 % yield). The peptide was purified by preparative RP-HPLC using C4 and C18 
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column with linear gradient PLG34_44 and PLG39_49, respectively. IaLd-Cpa was 

purified to 96.5% purity. Retention time on analytical RP-HPLC was 48.6 minutes. The 

identity of the peptide was confirmed by MALDI-TOF mass spectrometry. Calculated 

for C184H314N46O54 [MH+]: 4033.33; observed: 4032.9. 

 

IaLd-Nle 

(Ac-YGG EIEALEKK IAALENleK IQALEKK NEQLEKK IAAL-NH2) 

The peptide was synthesized using 502.7 mg (0.1 mmol) of Fmoc-PAL-PEG-PS resin. 

The synthesis gave 804.8 mg of resin (approximately 55.9% yield). Half of the total 

synthesis product was cleaved, and the cleavage yielded 79.1 mg of crude peptide 

(58.8% yield). The peptide was purified by preparative RP-HPLC using C4 and C18 

column with linear gradient PLG34_44 and PLG39_49, respectively. IaLd-Nle was 

purified to 98.0% purity. Retention time on analytical RP-HPLC was 48.4 minutes. The 

identity of the peptide was confirmed by MALDI-TOF mass spectrometry. Calculated 

for C182H312N46O54 [MH+]: 4009.71; observed: 4008.8. 
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IaLd-Nva 

(Ac-YGG EIEALEKK IAALENvaK IQALEKK NEQLEKK IAAL-NH2) 

The peptide was synthesized using 502.9 mg (0.1 mmol) of Fmoc-PAL-PEG-PS resin. 

The synthesis gave 808.4 mg of resin (approximately 56.7% yield). Half of the 

synthesis product was cleaved, and the cleavage yielded 135.8 mg of crude peptide 

(quantitative yield). The peptide was purified by preparative RP-HPLC using C4 and 

C18 column with linear gradient PLG34_44 and PLG39_49, respectively. IaLd-Nva 

was purified to 96.3% purity. Retention time on analytical RP-HPLC was 47.5 minutes. 

The identity of the peptide was confirmed by MALDI-TOF mass spectrometry. 

Calculated for C181H310N46O54 [MH+]: 3995.68; observed: 3994.7. 

 

IaLd-Pff 

(Ac-YGG EIEALEKK IAALEPffK IQALEKK NEQLEKK IAAL-NH2) 

The peptide was synthesized using approximately 238.4 mg (0.04 mmol) of 

Fmoc-PAL-PEG-PS resin. The synthesis gave 394.9 mg of resin (approximately 69.2% 

yield). The cleavage yielded 137.0 mg of crude peptide (quantitative yield). The peptide 

was purified by preparative RP-HPLC using C4 and C18 column with linear gradient 
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PLG32_43 and PLG37_47, respectively. IaLd-Pff was purified to 98.9% purity. 

Retention time on analytical RP-HPLC was 47.8 minutes. The identity of the peptide 

was confirmed by MALDI-TOF mass spectrometry. Calculated for C185H305F5N46O54 

[MH+]: 4133.68; observed: 4131.4. 

 

IaLd-Phe 

(Ac-YGG EIEALEKK IAALEPheK IQALEKK NEQLEKK IAAL-NH2) 

The peptide was synthesized using approximately 238.4 mg (0.04 mmol) of 

Fmoc-PAL-PEG-PS resin. The synthesis gave 335.7 mg of resin (approximately 43.7% 

yield). The cleavage yielded 103.3 mg of crude peptide (quantitative yield). The peptide 

was purified by preparative RP-HPLC using C4 and C18 column with linear gradient 

PLG32_44 and PLG37_47 respectively. IaLd-Phe was purified to 97.6% purity. 

Retention time on analytical RP-HPLC was 48.0 minutes. The identity of the peptide 

was confirmed by MALDI-TOF mass spectrometry. Calculated for C185H310N46O54 

[MH+]: 4043.73; observed: 4042.4. 
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UV-Visible Spectroscopy 

UV data were obtained using 1 mm pathlength cells. Peptide stock solutions were 

prepared at a concentration of 5 mM. 3 µL, 6 µL, 9 µL, 12 µL and 15 µL of the peptide 

solutions were added to 400 µL of 6 M guanidinium chloride solution. At each 

concentration of peptide, tyrosine absorbance at 276 nm, 278 nm, 280 nm and 282 nm 

were measured. Linear regression was performed to determine the precise 

concentrations of the stock solutions using known extinction coefficients.58 Data with 

correlation coefficients (R) less than 0.99 was discarded. 

 

Circular Dichroism Spectroscopy 

CD data were obtained using 1 mm pathlength cells. CD data was acquired under two 

sets of conditions. CD spectrum of GCN4 peptides were acquired at 30 µM peptide in 

50 mM phosphate and 150 mM NaCl at pH 7 and 4 °C.18 CD spectrum of IaLd peptides 

were acquired at 20 µM peptide, 10 mM 3-(N-morpholino)-propanesulfonic acid 

(MOPS), and 0 M to 6 M (at 0.1 M interval) guanidinium chloride at pH 7.5 and 25 

°C.23 Each CD value was determined at least three times to obtain experimental 

standard deviations. The data were analyzed using Microsoft Excel 2007 and 
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Kaleidagraph (Synergy Software, CA). Data were expressed in terms of mean residue 

ellipticity (deg cm2 dmol-1).  

 

Guanidinium Denaturation 

Guanidinium denaturation was performed under two sets of conditions. For GCN4 

peptides, guanidinium denaturation was performed at 30 µM peptide in 50 mM 

phosphate, 150 mM NaCl, and 0 M to 6 M (at 0.1 M interval) guanidinium chloride at 

pH 7 and 4 °C.18 For IaLd peptides, guanidinium denaturation was performed at 20 µM 

peptide, 10 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), and 0 M to 6 M (at 

0.1 M interval) guanidinium chloride at pH 7.5 and 25 °C.23 Denaturation process was 

monitored by CD using 1 mm pathlength cell. Two solutions, one with peptide, buffer 

(as described above), 0 M guanidinium chloride and the other one with peptide, buffer, 

6 M guanidinium chloride, were prepared. Denaturation process began at 0 M, 2 M, and 

6 M of guanidinium chloride. Suitable amounts of the two solutions were added to the 

cell to adjust the concentration of guanidinium chloride. Each CD value was determined 

at least three times to obtain experimental standard deviations. The data were analyzed 

using Kaleidagraph (Synergy Softwar, CA) and Microsoft Office Excel 2007. 



!

! 90!

Derivation of ΔGunfold, H2O 

ΔGunfold, H2O was determined using following equations:  

dimer ⇌ 2!unfolded!monomer 

unfolded!monomer + 2! dimer = Peptide !"!#$ 

K!" =
unfolded!monomer !

dimer  

K!" =
{ Peptide !"!#$(

Signal!at![C]− fold!"",[!]
unfold!"",[!] − fold!"",[!])}

!

{ Peptide !"!#$(
unfold!"",[!] − Signal!at![C]
unfold!"",[!] − fold!"",[!] )}/2

 

ΔG!"#$%& = −RT lnK!", 

in which [C] is the concentration of guanidinium chloride, fold100 is the expected CD 

signal of the peptide totally folded at guanidinium chloride concentration [C], and 

unfold100 is the expected CD signal of the peptide totally unfolded at guanidinium 

chloride concentration [C]. Fold100 and unfold100 were obtained from linear regression 

fits derived from the CD data. A graph of ΔGunfold plotted against the concentration of 

guaninidium chloride was plotted. Data points near the midpoint transition were chosen 

and used for extrapolation. The value at y-intercept is the ΔGunfold, H2O. 
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Measurement of Hydrophobicity by Thin Layer Chromatography 

  The TLC were performed with n-butanol - 0.05 M ammonium acetate (2:1) and 

n-butanol - 50% acetic acid (2:1) on cellulose plates. The alcohol and aqueous solution 

were shaken for 5 hours. The saturated alcoholic layer was separated by centrifugation 

and used as the mobile phase. The spots were detected by ninhydrin. The TLC of each 

amino acid were repeated at least three time to obtain average Rf values and 

experimental standard deviations. Average Rf values were converted into calculated log 

Pow values following literature procedures.50, 51 

 

Calculation of Side Chain Volume 

  Calculation was performed on Discovery Studio 2.1 module (Accelrys, CA). Built-in 

molecules were used. The molecule was minimized using CFF forcefield. Dielectric 

constant was set as 80. The surface area and volume were probed with solvent molecule 

of 1.4 Å radius.  
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Appendix 

Guanidinium Denaturation Curves of GCN4-Xaa 

 

(a) GCN4-Abu      (b) GCN4-Nva 

 

(c) GCN4-Nle       (d) GCN4-Ile 
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(e) GCN4-Allo Ile      (f) GCN4-Val 

 

(g) GCN4-Leu       (h) GCN4-Tba 

 

(i) GCN4-Cpa       (j) GCN4-Cha 
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(k) GCN4-Phe       (l) GCN4-Pff 

 

(m) GCN4-Asp      (n) GCN4-Asn 

 

 (o) GCN4-Glu       (p) GCN4-Gln 
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Guanidinium Denaturation Curves of IaLd-Xaa 

 

(a) IaLd-Abu        (b) IaLd-Nva 

 

(c) IaLd-Nle        (d) IaLd-Cpa 
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(e) IaLd-Cha        (f) IaLd-Phe 

 

(g) IaLd-Pff 
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