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Abstract 

An approach to the design of small ( <40 residues), independently 

folded, monomeric motifs based on naturally occurring protein domains is 

presented. Natural peptidyl systems of this limited size generally require 

either disulfides or metal ligation for proper folding and stability. In order to 

compensate for the stability originally afforded by native cross-links, defined 

p-turns are employed as structural nucleation elements and non-standard 

amino acids are used to control structure and incorporate function. 

The construction of a triple stranded p-sheet motif based on a 30-

residue fragment of erabutoxin b, a member of a family of neurotoxins, was 

initially attempted. Sequences incorporating a defined type II p-turn and a 

single original disulfide were investigated by 2D NMR techniques. These 

experiments revealed that the designed polypeptides were flexible in solution, 

adopting primarily random coil conformations. Although the peptide did 

not fold into the intended conformation, these studies provided guidelines 

for the subsequent selection of natural templates. 

The ppa motif exemplified by the zinc finger domains was chosen for 

the second design attempt. Using an iterative design process, sequences based 

on these domains were evaluated for their ability to fold, in the absence of 

metal ions, by both circular dichroism and NMR techniques. Type II and II' p­

turns were investigated as structural nucleation elements and an unnatural 

metal binding amino acid, 3-(1,10-phenanthrol-2-yl)-L-alanine (Fen), was 

incorporated to serve as a reporter group. A well defined metal-independent 

motif was obtained in five iterations. These studies culminated in the design 

and synthesis of a 23-residue peptide, BBAl, which adopted a defined tertiary 

structure in the absence of metal ions. The solution structure of BBAl was 



vii 

solved using NOE-restrained simulated annealing, and confirmed the desired 

~~a topology. 

In a second project, unnatural amino acids and defined ~-turns were 

used in the construction of metal-dependent inhibitors for cAMP-dependent 

protein kinase. Control of peptide conformation either through metal 

ligation or disulfide bond formation was shown to modulate the inhibitory 

properties of sequences based on the heat stable protein kinase inhibitor. 
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Chapter 1 

Introduction 
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Protein structure is critical to function. In fact, the majority of the 

hundreds of amino acids that form a typical enzyme simply serve to afford a well 

defined structural scaffold to precisely position the handful of residues that are 

directly involved in catalysis. This complex protein architecture creates the 

precise array of functionality necessary to effect a particular transformation. The 

ability to design a polypeptide with well defined structure is therefore a 

perquisite for the design of novel biocatalysts based on the protein architecture. 

For this reason, most protein design efforts have focused on the creation of 

peptidyl motif with defined secondary and tertiary structure. 

Protein structure can be considered as a hierarchical framework in which 

tertiary structure is composed of various elements of super-secondary and 

secondary structure, which are in turn determined by the primary amino acid 

sequence of a protein. The primary sequence of the biopolymer contains all the 

necessary information required to specify the complex three-dimensional 

architecture of many proteins. Solving the "protein folding problem", i.e., 

understanding how the primary sequence determines the three-dimensional 

structure of a protein, is one of the great challenges facing modern biochemistry. 

In this regard, protein design adresses the "inverse folding problem;" the 

objective is to design a primary sequence which will uniquely adopt a target 

three-dimensional structure. Thus, the design of well defined structural motifs 

tests and refines our understanding of the principles of protein folding and 

structure, in addition to providing stable scaffolds for the construction of 

functional polypeptides. 

As the first step in tackling the protein folding problem, considerable 

effort has been expended to understand the rules that relate primary sequence to 

secondary structure. Early research focused on investigations of the crystal 

structures of proteins to determine the relative propensities of the naturally 
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occurring amino acids to be found in the various elements of secondary structure 

(a-helices, p-sheets, and p-turns).1-5 Expanding on these rules, many researchers 

have used model systems to determine the thermodynamic basis for the a-helical 

propensities of amino acids.6-9 There is good agreement among the various 

scales developed;10 in general, unbranched residues (eg., alanine and leucine) 

have the highest helical propensities.11 Several important stabilizing interactions 

present in both native and designed helices have been also investigated. N- and 

C-terminal residues can contribute significantly to helix stability either through 

the electrostatic stabilization of the helix macrodipole12 or by participating in 

hydrogen bonding interactions with the "open" amide and carbonyl 

functionalities at the ends of helices (helix "caps").13-16 Exploiting the alignment 

of the side chains of residues separated by one turn of an a-helix, electrostatic 

interactions have been used to produce helices with increased structure and 

stability.17 Based on these efforts, the construction of a-helices that are 

inherently stable as monomers in aqueous solution is now routine.18 

Investigations of p-sheet proteins have been considerably more 

challenging. In contrast to a-helices which involve "near neighbor" (i~i+4) 

hydrogen bonds, p-sheet formation results from the interaction of residues which 

are at variable and often distal positions in the primary sequence. Sheet structure 

is therefore much less modular than that of helices, and relies strongly on tertiary 

interactions. Additionally, the alternating nature of the hydrogen bonding 

interactions of p-sheets leaves an exposed edge of unfulfilled hydrogen bond 

acceptors and donors, which can lead to intermolecular association and the 

formation of insoluble aggregates. Despite these difficulties several groups have 

developed P-sheet model systems based on natural p-sheet proteins to investigate 

the propensities of amino acids to form sheet structure.19-21 Unlike the 

numerous thermodynamic scales for a-helical structural preferences, which in 
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general are in good agreement, ~-sheet propensities appear more context­

dependent, relating to both secondary and tertiary structure interactions.10' 19 

Although there is some variability among scales the qualitative trends observed 

are that ~-branched amino acids (isoleucine, threonine, and valine) are and the 

aromatic amino acids (phenylalanine and tyrosine) have high sheet 

propensities.20, 22 

While considerable understanding of the determinants that relate a 

primary sequence to the adoption of secondary structure has been developed, 

much less is understood about how elements of secondary structure interact to 

form super-secondary and tertiary structure. For this reason the design of 

proteins with well defined tertiary structure is a challenging (and as yet 

unattained) goal. 

Approaches to protein design have varied greatly.10 One strategy 

employs synthetic templates to direct the folding of the polypeptide chain. 

Template-assisted synthetic protein (TASP) is a concept introduced by Mutter 

and co-workers for the assembly of diverse protein structures.23 In this approach 

sequences designed to form amphiphilic ex-helices or ~-strands are pre-organized 

for association by attachment to a branched cyclic peptide scaffold. A four helix 

bundle protein has been successfully assembled using this methodology.24 

Several groups have employed a similar strategy in the construction of three 

helix bundles, in which a template organized about a metal cation directs bundle 

formation.25-27 In these designs, a bidentate bipyridyl functionality is attached to 

the ends of amphiphilic helices and metal coordination is exploited to promote 

helix association. While these efforts have produced constructs with significant 

secondary structure, insufficient structural characterization prevents the 

assessment of tertiary interactions.25, 27 Additionally, the synthetic procedures 
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required to assemble these constructs limits an efficiency of the iterative 

synthesis and analysis required to generate improved designs. 

DeGrado and co-workers have used a 'minimalistic' approach to design 

amphiphilic peptides consisting of simple repeating sequences which form helix 

bundles.28, 29 Their initial efforts included only four amino acids Leu, Gly, Lys, 

and Glu in the design of a 16-residue helix consisting of two seven-residue 

repeats. In addition to an individual helix (a1B), peptides consisting of two (a2) 

or four (a4) copies of the helix connected by three-residue loops were 

synthesized.28, 29 Association of the helices to form bundles was mediated by 

hydrophobic interactions between the leucine residues lining one face of each 

helix. While the designed proteins adopted the correct aggregation state and 

exhibited considerable secondary structure which was very stable, these 

molecules also had many of the properties of the "molten globule" state.30 This 

state is characterized by a compact and globular structure which lacks well 

defined tertiary packing interactions and appears to have dynamic core. The 

molten globule state is experimentally characterized by a number of properties 

which reflect the poorly folded structure; the binding of a hydrophobic dye, (8-

anilino-1-natphthalenesulfonic acid (ANS), non-cooperative loss of structure, and 

poor dispersity in the NMR spectrum, for example. Subsequent a1 based designs 

introduced metal sites into the interior of the protein to confer specificity to the 

hydrophobic interactions that determine helix association and tertiary 

structure.31, 32 Most recently a helix-loop-helix peptide (a2D) based on a2B was 

designed.33 This peptides forms the desired non-covalent dimer and exhibits 

many of the properties of native proteins (dispersity of the lD NMR spectra and 

a cooperative thermal denaturation) . Unfortunately, detailed structural analysis 

of this peptide has been hampered by the degeneracy of the NMR signals and the 

aggregation of the molecule.33 
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In a more 'native-like' approach, Richardson and coworkers produced a 79 

residue sequence consisting of nearly all the twenty natural amino acids, in the 

design of "Felix", a four helix bundle.34 Similar to the c:q based peptides, Felix 

exhibited some of the characteristics of a "molten globule", although a compact 

monomeric structure of high helical content was achieved. In a similar native­

like approach, a p-sandwich protein, betadoublet, has been developed.35 This 35-

residue sequence was designed to form a 4-stranded, antiparallel p-sheet through 

disulfide-mediated homo-dimerization. The assembly of a similar disulfide­

linked p-sandwich, betabellin, has been the target of an on-going design effort in 

the Richardson group. The latest design by Yan and Erickson, betabellin14D, 

incorporates a simple pattern of alternating polar and non-polar residues for the 

construction of the sheet region, and unnatural D-amino acids in the turn 

regions.36 While both these proteins exhibit some of the properties of native 

proteins such as cooperative thermal denaturation, they also possess some of the 

characteristics of a poorly folded molten globule-like state (ANS binding and 

poor dispersity of the NMR signals).37 

Many design attempts have exploited the concept of "negative design"; the 

final design includes not only specific interaction intended to stabilize the 

desired structure but also contains features that would disfavor alternative 

conformations. This strategy has been frequently used in the design of loop or 

turn regions to promote solubility and prevent adverse intermolecular 

association of elements of secondary structure. For example "helix-breaking" 

residues such as glycine were incorporated at the ends of helices in the design of 

both Felix34 and al8 in order to promote loop formation and prevent the 

extension of the helices. Similarly, the residues comprising the turn regions in 

betabellin36 and betadoublet35 were chosen to specifically disfavor the 

continuation of the ~-strands and favor type-I turn formation. 
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The analysis of the designed proteins described above has yielded insight 

into the complexity of native protein structure. In addition to hydrophobic 

interactions, specific well defined packing interactions, including electrostatic 

and hydrogen bonding interactions, are important to confer the conformational 

specificity found in the interior of native proteins. This fact has been further 

demonstrated by the analysis of coil-Ser, a coil-coiled protein, of de nova design.38 

This peptide which was designed to form a parallel coil-coiled dimer, was found 

in the crystal structure to form an anti-parallel trimer. In comparison, the 

sequence of a naturally occurring dimeric coiled coil protein, GCN4, contains a 

single hydrophilic asparagine residue at the helix-helix interface, which appears 

to confer the specificity needed for dimerization.39 Based on this observation, 

asparagine was incorporated into the coil-Ser sequence, and resulted in 

sequences for which dimerization predominated.39 Thus, it is not only the 

hydrophobic association of residues at the helix-helix interface that determine the 

aggreation state and structure but the defined electrostatic and hydrogen­

bonding interactions among carefully positioned hydrophilic amino acids. 

The design of coiled-coil proteins, such as coil-Ser, has been based on the 

heptad repeat found in natural coiled-coil proteins.40, 41 The peptide 'Velcro' was 

designed to form a heterodimeric coiled-coil.42 Electrostatic interactions were 

employed in a "negative design" approach to destabilize the homodimer and 

favor heterodimer formation. Additionally, an asparagine residue was included 

in the sequence to confer aggregation specificity for the dimeric form. Other 

approaches to the design of coiled-coil proteins include the formation of intra­

molecular cross-links through the use of disulfides41 or by linking the two helices 

via peptide loops.40, 43 Diverse helix-loop-helix proteins have also been 

designed 43-45 and several have been partially characterized by NMR 

techniques.43, 44 
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The de nova design of well defined packing interactions is extremely 

difficult given our limited understanding of these forces in natural systems. To 

overcome this problem, several groups have based designs on the primary 

sequences of natural proteins. Pessi and coworkers have used the heavy chain 

variable domain of immunoglobulin as a template for the construction of 

"minibody", a ~-sheet protein which included a metal binding site.46 The 

resulting 61-residue protein had significant a ~-sheet content, exhibited 

cooperative urea denaturation, and bound divalent metal ions. Unfortunately, 

the polypeptide had a solubility limit of 10 µM in water, which precluded any 

detailed structural analysis. In another example of exploiting natural sequences 

in protein design, the C-terminal helix of cytochrome c served as the basis for the 

construction of a 35-residue disulfide linked helix-loop-helix peptide.47 The 

solution state structure of this peptide, determined by NMR, revealed that while 

the area closest to the disulfide formed a reasonably well defined helix, the inter­

helical loop and peptide termini were highly disordered.45, 47 

Recombinant DNA techniques have been used to design libraries of 

proteins with novel sequences. Hecht and coworkers used a simple binary 

pattern of amino acids in which the polarity but not the identity of residues was 

specified to create synthetic genes encoding for 48 unique 72-residue 

sequences.48 Expression of 29 of the 48 genes produced soluble protease­

resistant products. Characterization of several of the gene products indicated 

that the proteins had the desired helical secondary structure and exhibited 

cooperative chemical denaturation.48 In a similar approach, random libraries of 

gene sequences encoding for proteins containing only three residues, glutamine, 

leucine and arginine, were created and expressed.49, so Folded proteins were 

selected by their resistance to proteolytic processing during expression, the 

demonstration of cooperative unfolding transitions, and high helicity as assessed 
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by CD. While these experiments demonstrate that limited sequence information 

is required for the generation of globally folded proteins, none of the designed 

proteins display all of the characteristics of native protein structures and 

significantly more structural characterization is needed to adequately assess the 

success of such efforts. 

In general, most protein design efforts have focused on a single type of 

secondary structure in order to maintain the greatest simplicity in design. 

However, several groups have targeted the design of eight-stranded a./ ~-barrel 

protein motif exemplified by the structure of triosephosphate isomerase.5I, 52 

The best characterized of these efforts is a 207 amino acid sequence.5I Although 

this protein exhibits cooperative thermal denaturation, it also displays some of 

the characteristics of a molten globule-like state such as a poorly defined NMR 

spectra and no protection of amide protons form exchange with solvent.5I 

One of the fundamental drawbacks of most of the protein design efforts to 

date is the lack of conclusive structural characterization of the resulting 

constructs. One of the primary techniques used to probe the structural content of 

designs is circular dichroism. This technique provides only macroscopic 

secondary structural information, and generally yields no data on the presence of 

tertiary structure. Conclusions based solely on CD data can be misleading, as 

illustrated by the comparative NMR and CD analysis of a designed peptide 

presented in the Chapter 3. If a designed protein has a native-like conformation 

then determination of the structure by NMR or X-ray crystallographic techniques 

should be possible.39 Unfortunately, detailed structural characterization of 

several designed proteins has been hampered by the large size, aggregation state, 

limited solubility, and the poorly defined conformations of these constructs.39 

In the absence of detailed structural information such as that provided by 

NMR or crystal structure data, the analysis of designed proteins has relied 
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heavily on auxiliary indirect methods to probe the presence of a defined tertiary 

structure. Several methods typically used to characterize the stability of natural 

systems are frequently employed to gauge the success of a de nova design.39 

Native protein structures undergo a cooperative unfolding transition, and a 

reproduction of this phenomenon in designed proteins has been used as a 

measure of "native-like" structure within the constructs. In these experiments, 

the unfolding of a peptide or protein with either heat or denaturant is monitored 

(typically by CD). If the secondary and tertiary structures are tightly coupled as 

they are in most natural globular proteins, then a cooperative transition should 

be observed in the unfolding of designed proteins. While cooperative 

denaturation is a characteristic of native folded structures, the analysis of several 

designed constructs reveals that poorly folded constructs can also exhibit this 

behavior.35, 36, 51 

Dispersity of the proton resonances in the 1-D NMR spectra of designed 

proteins has also been used as an indicator of tertiary structure.30, 33, 35, 36 If 

chemically similar protons exhibit significantly different chemical shifts, then this 

phenomenon can be attributed to side chain-side chain interactions that arise in 

tertiary structure. For example, the methyl protons of Ile, Val, and Leu residues 

within the interior of a well packed protein core should experience different 

micro-environments and therefore exhibit slightly different chemical shifts. 

Many proteins have been shown to form what has been termed a "molten 

globule" state under partially denaturing conditions.53, 54 This conformational 

state retains a significant amount of secondary structure but looses the well 

defined tertiary interactions present in the fully folded protein. The hydrophobic 

dye, 8-anilino-1-naphthalenesulfonic acid (ANS), has been used to probe the 

molten globule state of proteins. A poorly folded or molten globule-like structure 

has exposed hydrophobic patches which bind ANS and alter the fluorescence of 
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the dye. In contrast, native fully folded proteins have buried hydrophobic side 

chains and will not bind the dye.53, 54 While many designed systems have 

successfully reproduced some of the characteristics of native proteins such as 

cooperative denaturation and dispersity in the NMR signals, many designs have 

"failed" the ANS-binding test.30, 35, 36 These systems exhibit a significant amount 

of secondary structure but have poorly defined tertiary packing interactions 

which lead to a molten globule state. 

The lack of well defined structural templates has also hindered the 

exploitation of the protein architecture in the design of novel catalytic 

biomolecules. Very few examples of de nova designed functional polypeptides 

have been reported. The majority of examples utilize a leucine-rich four helix 

bundle motif similar to that described by DeGrado and coworkers as a structural 

template.39 Dutton and coworkers have reported the synthesis of heme-binding 

four helix bundles for the development of synthetic electron-transfer systems.55, 

56 These designs exhibit some of the desired spectroscopic and electrochemical 

properties of heme proteins. In addition, Benner and coworkers57 and Sasaki 

and Kaiser53 have reported using the helical bundle motif in the design of 

catalytic polypeptides. The decarboxylation of oxaloacetate via an imine 

intermediate was accomplished by Benner and coworker through the 

construction of a 14-residue helical peptide, "oxaldie", that forms helical 

bundles.57 Although the secondary structure of the peptide was verified by 2-D 

NMR, no tertiary structure was reported. The decarboxylation reaction was 

studied in detail and helicity appears to be critical for function. Sasaki and 

Kaiser have attached amphiphilic helices to a porphyrin template in the 

construction of "helichrome", an artifical heme protein which demonstrated 

aniline hydroxylase activity.53 One of the fundamental problems with all these 
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efforts is that the structural scaffold upon which the designs were based probably 

exists in a molten globule-like state. 

To overcome structural ambiguity some groups have focused their efforts 

on the modification of existing enzymes. These efforts rely on a variety of 

techniques for the introduction of both natural and non-standard functionalities 

into the protein framework. Sequence changes involving the 20 naturally 

occurring amino acids can be easily accomplished by site directed mutagenesis 

while non-standard amino acids have been incorporated by in vitro expression 

using chemically acylated suppressor t-RNA.58, 59 Alternatively, unnatural 

amino acids can be introduced by protein semisynthesis.60 In this approach a 

native protein is either chemically or proteolytically digested to produce two or 

more fragments . Chemical synthesis of one of the fragments is followed by 

reconstitution of native structure either through non-covalent association or 

chemical or enzymatic re-ligation of the fragments . This approach has been used 

for the introduction of a variety of unnatural amino acids into existing proteins 

both, to probe the mechanism of the native protein, and for the constructions of 

systems with altered function.60-62 Chemical modification of the residue side 

chains (typically cysteine) of existing proteins presents yet another method for 

introduction of new functionality, such as coenzyme moiety.63 This strategy can 

be combined with site directed mutagenesis to allow greater control in the 

location and environment of the reactive moiety. The architecture of antibodies 

and the specificity of the immune system can also be exploited in the creation of 

proteins which are selected to transition state analogs of certain transformations 

and in some cases, effect catalysis.64, 65 Unfortunately all of these approaches are 

limited to systems which are amenable to the specific demands of the various 

techniques. 
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The goal in the Imperiali group has been to create totally synthetic motifs 

with well defined structure and preprogrammed function. Of course, as 

discussed earlier, the definition of structure must precede the introduction of 

function. Therefore, we have targeted the assembly of versatile structural 

templates in less than 40 residues. The design motifs should ideally be compact, 

soluble, and monomeric. Consequently we have chosen to base our designs of 

natural polypeptides or protein domains which exhibit these properties. Most 

naturally occurring polypeptide or protein domains of this size generally require 

the use of disulfides or metal ligation for proper folding and stability. These 

cross-links reduce the versatility of the motif for elaboration into functional 

constructs. Our approach is to modify these motifs to eliminate the need for 

such cross-links. By targeting motifs of less than 40 residues, the designs are 

accessible by solid phase peptide synthesis and are amenable to detailed 

structural analysis afforded by 1 H NMR techniques. The ability to readily obtain 

specific information regarding the presence of secondary and tertiary structure 

within designed peptides is critically important to the development of the 

desired motif. As described earlier, protein design efforts have generally been 

hindered by the inability to obtain sufficient structural characterization of the 

designed constructs. Iterative improvements of designed motifs can greatly 

benefit from the detailed information available through NMR analyses. 

The utilization of unnatural amino acids both to control structure, and to 

introduce function forms one of the cornerstones of our design approach. A 

variety of unnatural amino acids have been developed for these purposes in the 

Imperiali group.66-70 Unnatural amino acids incorporating both bipyridyl66, 67 

and phenanthrolyl71 functionalities have been used to modulate the metal 

binding properties of diverse synthetic polypeptides. "Coenzyme amino acid 

chimeras" and metal binding bipyridyl amino acids have been used to reproduce 
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Figure 1-1 Several examples of the unnatural amino acids exploited for the 

control of structure and function in the Imperiali Group. 
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pyridoxal mediated chemistry68-7o, 72 or introduce electron-transfer properties73 

in semisynthetic constructs. Further exploitation of these functional residues 

within synthetic motifs awaits the development of structural templates with the 

properties described above. 

In addition to unnatural amino acids, a key feature of our design 

philosophy is the use of defined p-turns as structural nucleation elements.74 

Early investigations of the protein folding process have suggested the structural 

importance of the p-tum.75-78 The explicit role of reverse turns in native systems 

appears to be context-dependent. In some cases, turns may passively result from 

p-sheet formation, or in other systems the chain reversal may contribute more 

directly to the structural stability and proper folding of the proteins.79-81 

Regardless of the role of turns in natural systems, a well defined and structurally 

characterized p-turn could serve as a valuable tool in protein design; p-turns 

result in the reversal of the peptide backbone and bring residues distal in the 

primary sequence into close proximity and therefore could be exploited to 

promote the adoption of p-sheet structure within synthetic constructs. Several 

classes of p-turns have been identified by investigations of protein crystal 

structures.1' 2, 82, 83 Turns are generally considered to consist of four residues 

and the turn type is specified by the backbone dihedral angles of the central two 

residues (Figure 1-2). The most common p-turns are the type I and type II 

turns.84 The type I' and II' are the "antipodes" of these turns, respectively and are 

formed by rotation of the central amide bond through 180° (see Table 1-1).2 
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Figure 1-2 The dihedral angles(<!>,'!') of the central two residues of a four residue 

p-turn define the p-turn-type. 

turn (i+l) (i+2) 

Type <1>1 (0) 'l'l (o) <1>2 (0) '1'2 (0) 

I -60 -30 -90 0 

I' 60 30 90 0 

II -60 120 80 0 

II' 60 -120 -80 0 

Table 1-1 The dihedral angles of the central two residues of the most commonly 

occurring p-turn-types. 

Efforts in the lmperiali group have focused on the development of type II 

p-turns rather than the more common type I turns. The type II turns are more 

planar than the type I turns permitting greater control over the relative 

positioning of the side chains of the residues at positions (i) and (i+3).83 The 

structure of the type II turns also appear to be less reliant on side chain to main-
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chain hydrogen bonds compared to the type I p-turns. Extensive studies of 

tetrapeptide sequences71' 74 revealed that stable type II turns could be formed in 

isolation by the incorporation of praline at (i+1) and non-standard D-amino acids 

at position (i+2). These studies further defined the "guidelines" governing the 

choice of residues at positions (i), (i+2), and (i+3) that were required to promote 

type II p-tum formation.74 

Type I Type II 

Figure 1-3 The different topologies of the type I and type II turns. The top 

structures are viewed from the side and illustrate the differences in planarity 

between type I and type II p-turns. 
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The design of a ~~~ motif based on a domain from a family of disulfide­

rich snake toxins described in Chapter 2 represents the first implementation of 

the design approach that was adopted. Type II turns were incorporated to 

promote anti-parallel sheet formation and complete structural analysis by NMR 

was performed. Based on this study, a more compact motif was targeted. The 

~~a motif, exemplified by the zinc finger domains, represented an appealing 

alternative. 

Zinc finger sequences form the modular domains in many DNA binding 

proteins and require the coordination of divalent zinc by cysteine and histidine 

residues for the adoption of a defined three dimensional structure.85 These small 

motifs have received considerable attention in recent years due to their wide 

spread occurrence in a variety of transcription factors.85 These polypeptide 

domains have been the target of several design efforts, which have focused on 

exploiting the motif in the construction of DNA-binding proteins with 

preprogrammed specificity.86, 87 Structural studies indicate that the very little 

sequence information, besides the metal ligating residues and three key 

hydrophobic amino acids, is needed to specify the ~~a architecture.88 Chapter 3 

presents the iterative design and analysis procedure used in the evolution of a 

metal-independent ~~a motif based on the zinc finger domains including the 

incorporation of both type II and type II' ~-turns. Information gained through 

detailed NMR and CD analysis of each design was used to determine the 

sequence modification of subsequent designs. These efforts culminated in the 

solution structure determination of a "zinc-less" finger described in Chapter 4. 

The explicit role of the ~-turn in the adoption of the defined three-dimensional 

structure is also discussed in Chapter 4. 
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In an ancillary project, unnatural amino acids and a defined type II p-turn 

were used in the metal-dependent modulation of the conformation of a designed 

peptide. This project had been initiated by Dr. Stewart Fisher.71 The exploitation 

of this motif in the construction of a metal-dependent regulatory peptide for the 

control of cAMP-dependent protein kinase activity is described in Chapter 5. 

Finally, Appendix-I describes the use of both non-standard and natural 

amino acids in the electrostatic stabilization of ~-sheet and reverse turn structure. 

The synthesis of tetrapeptides incorporating salt bridges, comprising the 

naturally occurring amino acids lysine and glutamatic acid demonstrates the 

potential utility of electrostatic interactions in protein design. The synthesis and 

peptide incorporation of an amino acid, (2S ,3S)-diaminobutyric acid (p-methyl­

amino alanine), designed to be more amenable to sheet and turn conformations, 

is also reported. 

The work described in this dissertation demonstrates the feasibility of 

constructing structurally defined peptidyl templates in less than 40 residues. 

Significantly, sequences of fewer than 70 residues were considered to be unlikely 

to form stable monomeric proteins if folding is determined by hydrophobic 

forces alone. Through the use of unnatural amino acids and defined p-turns the 

successful construction of a stable folded, monomeric motif in 23 residues has 

been accomplished. The determination of the solution structure of the motif by 

NMR techniques lays the foundation for the rational design of functional 

polypeptides based on this structural template. 
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Chapter 2 

Natural peptide domains as templates for protein 

design: Evaluation of a designed PPP motif patterned 

after snake neurotoxins 
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Introduction 

The protein architecture exhibits remarkable structural and functional 

diversity, and therefore represents an enticing target for synthetic manipulation 

and the potential for the creation of novel biocatalysts. Crucial to the design of 

functional polypeptides is the availability of synthetic motifs with defined 

tertiary structure. For this reason, considerable research has focused on the 

design of polypeptide sequences targeted to adopt a specific three-dimensional 

architecture.1-3 Many design efforts have targeted helical structure, as nature 

provides several hints for the construction of motifs composed of this element of 

secondary structure. The discovery that the S-peptide of ribonuclease A 4, 5 and 

sequences containing primarily alanine6 are helical has led several groups to 

develop simple helical model peptides patterned after these systems. These 

peptides have been used to establish thermodynamics scales for the helix 

propensities of natural and non-standard amino acids7-9 and to investigate the 

effects of helix dipole interactions, 10 helix-stop signals, 11 and charged groups on 

helix stability.12, 13 The analysis of helix bundle proteins and the coiled coils 

found in fibrous proteins have also yielded insights into the packing interactions 

between these elements of secondary structure.14 Several natural peptides have 

also illustrated the potential of exploiting amphiphilicity in the creation of helical 

structure.14 Based in part on these observations, the de nova design of four helix 

bundles, 15 coiled coils, 16, 17 and helix-loop-helix18-20 proteins has met with 

considerable success. As described in Chapter 1, although many designed 

constructs demonstrate some of the hallmarks of native protein structure such as 

cooperative thermal or chemical denaturation and protection of amide protons 

from exchange, few of these efforts have produced polypeptides for which a 

detailed NMR or crystal structure has been achieved. 
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Model systems for studying p-sheets have been more difficult to obtain; 

unlike a-helices, isolated p-sheets are generally not stable. Some of the 

difficulties in studying p-sheets arise from the extended nature of this element of 

secondary structure; p-sheets are typically formed by hydrogen bonds between 

residues distal in the primary sequence. The alternating nature of the hydrogen 

bonding interactions within p-sheet structure results in exposed amides on the 

edge of the sheet, which can lead to insoluble aggregates. For these reasons, 

design of proteins with p-sheet structure has proven considerably more 

challenging than the design of simple a-helices; many designs have suffered from 

insolubility and aggregation effects. Despite these difficulties, several groups 

have made significant strides toward the construction of novel p-sheet proteins 

through iterative design and analysis.21-23 Biophysical measurements on these 

designs indicate that like many of their helical counterparts, these systems 

display some, but not all of the hallmarks of native protein structure.24 

While protein design has met with considerable progress in recent years, 

most successful designs are either large (>60 residues)15, 21 , 22, 25 or 

multimeric.22, 23 Both of these factors contribute to the difficulty in obtaining 

detailed structural characterization of designed constructs. Iterative modeling, 

synthesis, and analysis are facilitated for smaller constructs. As described in 

Chapter 1, our approach to protein design has therefore been to target the 

assembly of small polypeptide motifs ( < 40 residues) with defined tertiary 

structure based on naturally occurring polypeptides or protein domains. This 

small target size makes these motifs synthetically accessible, permitting the 

utilization of unnatural amino acids with novel steric and electronic properties to 

control secondary structure and incorporate functionality. Furthermore these 

constructs are amenable to detailed structural characterization by 2D 1 H NMR 

techniques. Most naturally occurring motifs of this limited size require extensive 
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cross-linking either in the form of disulfide bridges or metal ligation to define 

structure and impart stability. Our goal has been to modify these naturally 

occurring peptides and eliminate the need for multiple cross-links. A key 

concept of this approach is the use of small well defined p-turns as structural 

nucleation elements26 to promote p-hairpin formation and aid in the 

development of tertiary structure in the absence of cross-links. 

The first target of this approach is the design of a triple stranded 

antiparallel p-sheet, consisting of a strand-turn-strand-loop-strand topology in 

which a defined p-turn could be employed to join the first two strands. 

Considerable work in the lmperiali lab has focused on understanding the 

requirements for type II turn formation in model tetrapeptides,26 and several 

short sequences which form defined turn structures in aqueous solution have 

been designed. It was envisioned that a type II turn could be utilized as a 

structural nucleation element to promote p-hairpin formation in the first two 

strands of the proposed PPP motif (Figure 2-1, Turn A). In addition to functioning 

as a structural nucleation element, a well defined type II p turn at this position 

could function as the site for incorporation of catalytic activity in future designs. 

For example, a hydrophobic substrate binding pocket could be created between 

the sheet and loop regions and functionalized amino acids placed in the turn 

region at the edge of the pocket to create a "mini" active site. The proposed 

design is illustrated schematically in Figure 2-1. 
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} TurnB 

ffl ~Jc~~thobic Strand 2 Tum A 

■ Catalytic residues Strand 1 

Figure 2-1 Schematic representation of the proposed PPP motif. 

The template for the design of a pp p motif was derived from an 

investigation of the structures and sequences of a family of homologous snake 

neurotoxins.27 This large family consists of very stable p-sheet proteins, 60-70 

residues in length, which interact with the neuromuscular acetylcholine receptor. 

This family of proteins exhibits a high degree of structural and sequence 

homology and the crystal or NMR structures of several members have been 

solved.28-31 Each protein contains three domains forming a five-strand 

antiparallel sheet which projects out from a core region incorporating four 

disulfide bonds (Figure 2-2). Contained within this five-stranded sheet is the 

desired PPP motif (Figure 2-2, encircled region). Our plan was to excise this motif 

and engineer it to fold in isolation, using only one cystine cross-link, reverse 

turns of de nova design, and native hydrophobic interactions as structural 

determinants. 
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Figure 2-2 The structure of erabutoxin b.28 The template used for the 

construction of a ~~~ motif is encircled and arrows indicate the direction of the 

backbone. 

The available structures of the neurotoxins in the protein database were 

explored28-31 to determine the best target sequence for this design effort. Several 

factors were considered: the extracted ~~~ motif would ideally contain only one 

internal disulfide bond, it would be as independent from the rest of the structure 

as possible, and comprise approximately 30 residues. The sequence which was 

found to be most compatible with these criteria was a 30 residue fragment 

(residues 25-54) of Erabutoxin b.28 This region is approximately 50-60% ~-sheet, 

consisting of an antiparallel sheet-turn-sheet domain which is connected to a 

third strand by a loop formed by residues 41-47. Two of the three domains 

which extend out from the disulfide core are included in this sequence (Figure 2-

2, Domains 1 and 2). The third antiparallel sheet domain (Figure 2-2, Domain 3) 
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does not appear to interact significantly with the other two. In fact, distance 

measurements in the crystal structure indicate that the third domain participates 

in only one hydrogen bond to Domain 1. This region also contains a single 

internal disulfide bridge between residue 43 and 54, which connects the end of 

the third strand with the loop. The sequence does contain one additional 

cysteine (Cys41) which forms a disulfide with Cys17, connecting the triple 

stranded sheet to the cystine rich core. Based on this analysis, residues 25-54 of 

erabutoxin b were chosen as the template for our attempts to design a ~~~ motif 

(Figure 2-3). 

◄ Sheet ► ..._Turn______.. ◄ Sheet • ◄ Loop s. y2s_H26_K27 _0 2a_w29_830_0 31 _F32_R33_G34_ T3s_136_137 _E38_R39_G4o_c41 _G42_C43_ 

---••-◄11--- Turn ______...._ Sheet _.. 

p44_ T45.v45_K47 .p48_G49_150_K51 _L 52_553_c54~ 

ll 
disulfide with 

core 

Figure 2-3 Sequence of erabutoxin b residues 24-53. The secondary structure of 

the sequence as observed in the crystal structure28 is given. Residues involved in 

the internal disulfide bridge are in bold. 

The design contains four distinct structural determinants. The defined 

type II ~-turn (Figure 2-1, Turn A) serves as a structural nucleation element to 

promote ~-hairpin formation between the first and second strands. The single 

disulfide forms a structural restraint on the loop and the third strand (Figure 2-1). 

In the crystal structure there appears to be significant hydrophobic interactions 

between the loop and the "top" of the triple stranded sheet,28 which could 
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mediate interactions between the two regions (Figure 2-2 Domains 1 and 2) . 

Additionally this design places the N- and C-termini in close proximity, which 

creates a potentially stabilizing electrostatic interaction between the charged 

termini in the intended PPP topology. 

Results 

Three peptides based on the erabutoxin fragment were synthesized and 

analyzed. The sequences of these peptides are shown in Table 4-1. The design, 

synthesis and analysis of each peptide is discussed. 

TOXl: 
1 5 10 15 20 25 30 
YHKQF S V P DS HT I I ERGSGCPTVKPG I K L SC 

NATl: 
1 5 10 15 20 25 30 
YHKQWSDF RGT I I ERGSGCPTVKPG I K L SC 

TOX2: 
1 5 10 15 20 25 30 
YHKQWSVPDSHT I I ERGSGCPTVKPGIKLSC 

Table 2-1 Sequences of peptides based on erabutoxin b 24-53. All sequences 

have free amino and carboxylic acid termini. 

TOXl : Incorporation of a type II turn 

Design Rationale 

In the first design attempt (TOXl) the turn connecting the first two stands 

of "Domain 1" (Figure 4-2, Turn A) was re-engineered to include a defined type II 

P-turn. This region is poorly defined in the solution structures of several 

neurotoxins that have been solved by NMR,30, 32 implying that this segment of 

the peptide does not serve an explicit role in creating the p-sheet structure of the 
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toxin family. A type II turn was incorporated in this region to act as a structural 

nucleation element and play an active role to restore some of the stability lost by 

the removal of the disulfide cross-linked core of the native erabutoxin molecule. 

A reverse turn consists of four residues and the dihedral angles of the 

central two amino acids [positions (i+1) and (i+2)] determine the turn type.33 In 

the native erabutoxin b structure the sequence -Asp3LPhe-Arg-Gly34-

corresponds a type I p-turn.28 Type Ip-turns have a slightly twisted geometry34 

which often results in unusual dihedral angles at residues in positions (i) and 

(i+3) (Chapterl). The unusual conformations of these residues are required to 

accommodate the twist imparted by the turn and yet allow for the formation of p­

sheet structure. The ideal dihedral angles of type I and type II p-turns as well as 

those of residues 31-34 in the erabutoxin b crystal structure28 are shown for 

comparison in Tables 1-1 and 2-2. 

Residue position <j) (0) "' (0) 

Asp31 (i) -135 -176 

Phe32 (i+l) -62.3 -18.1 

Arg33 (i+2) -86.1 -27.5 

Gly34 (i+3) 154.3 -158.5 

Table 2-2 The dihedral angles of the type I turn (Turn A) in the native sequence 

of erabutoxin b. The ideal dihedral angles for an antiparallel p-sheet are (cp = 
-139° I \jf= 135°) 

In TOXl the original type I turn of erabutoxin b was replaced with the 

sequence -Val-Pro-DSer-His- previously determined to adopt a defined type II p­

turn in aqueous solution.26 A heterochiral sequence, -Pro-DSer- was used to 

direct type II p-turn formation. The pyrrolidine ring of the proline residue 
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"kinks" the peptide backbone and initiates turn formation, while the use of a non­

standard D-amino acid at position (i+2) favors the dihedral angles required at 

this position for a type II p-turn. Valine and histidine at positions (i)and (i+3), 

respectively, have been shown to favor turn formation in sequences 

incorporating this heterochiral sequence. It was envisioned that this rigid turn 

would help nucleate and stabilize sheet formation. Furthermore, a type II p-turn 

in the native structure (-Lys-Pro-Gly-Ile-, residues 23-26 in the TOXl sequence) 

connecting the crossover loop and the third strand (Figure 2-2, Turn B) was 

retained in TOXl. 

In order to confirm that the incorporation of the engineered type II p-turn 

was compatible with the motif structure, modeling studies investigated the most 

common types of turns as potential replacements of Turn A (Figure 2-2) in the 24-

54 fragment of the crystal structure of erabutoxin b. As discussed earlier, these 

four residues form a type I turn in which the (i) and (i+3) dihedral angles deviate 

considerably from ideal antiparallel sheet values to accommodate the type I p­

turn geometry (Table 2-2). The dihedrals of the native tetrapeptide sequence, 

residues 31-34, were set to those of the ideal turns at positions (i+l) and (i+2) for 

the major turn types (Table 1-1) and ideal dihedrals for antiparallel sheet 

formation were used at positions (i) and (i+3). The results of this modeling study 

indicated that an ideal type II p-turn was as compatible with a PPP topology as 

any of the other turns, and furthermore caused the least perturbation to the 

native structure. 

Two other modifications were made to the primary sequence of the 

erabutoxin b fragment in the initial design, TOXl. Although the disulfide bond 

connecting the loop with the third strand was retained, the single cystine that 

connects this loop with the disulfide bonded core in the erabutoxin b sequence 

was replaced by serine to prevent asymmetric disulfide-bond formation among 
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three cysteine residues during synthesis. In addition, since tryptophan can 

present difficulties in solid phase peptide synthesis due to the acid lability and 

sensitivity to alkylation of the indole ring, phenylalanine was used at position 

five . These changes are summarized in Figure 2-4. As discussed earlier, the 

structure of the design places the N- and C-termini of the peptide in close 

proximity and an attempt was made to exploit this interaction between the 

charged amine and acid functionalities in the design of TOXl. 

A. 

Disulfide 

~ ~lectro~tatic 
mteract1on 

Q Hydrogen 

QNitrogen 

@oxygen 

® Carbon 

0 Sulfur 

Ser for Cys 

B. 

~~ 
<\,4i~~~ 

.· <\.v: 

Strand l 

Phe for Trp 

-- Sheet - Turn A - Sheet - Loop - Tum B -- Sheet -­

HN+ -Y-H-K-Q-F-S-V-P-DS-H-T-I-I-E-R-G-S-G-C-P-T-V-K-P-G-I-K-L-S-C-COO-

Type II 
Turn A 

Figure 2-4 Design of TOXl. A. The proposed structure of TOXl. B. The 

sequence of TOXl. The changes to the original erabutoxin b sequence are 

indicated. 
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In summary, the initial design, TOXl, included three structural 

constraints: the disulfide bridge restricts the conformational mobility of the loop 

and third strand, the potential electrostatic interaction between the C- and the N­

termini serve to place strands 2 and 3 in proximity for sheet formation, and the 

engineered type II p-turn serves as a structural nucleation site for sheet formation 

between strands 1 and 2. It was envisioned that these structural constraints 

would act in concert with the "native" hydrophobic interactions and allow this 

peptide to fold in isolation. The sequence of TOXl is shown in Table 2-1. 

The peptide was synthesized by standard FMOC based solid phase 

peptide synthesis. Mild oxidation of the cysteine residues in 20% aqueous 

dimethyl sulfoxide35 to form the intramolecular disulfide bridge followed by 

HPLC purification yielded sufficient quantities of this peptide for NMR analysis. 

Structural Analysis 

Structural analysis of TOXl was performed with a number of two­

dimensional NMR techniques. Spin systems were assigned by analysis of COSY 

and TOCSY spectra.36 Most spin systems were identified from data acquired at a 

temperature of 281K, and the remaining ambiguous assignments were clarified 

with spectra acquired at 300K. The resonance of the Ca proton of Cys19 was 

obscured by the water signal and could not be identified in spectra taken using 

90:10 H2O:D2O as solvent, but was observed in TOCSY spectra acquired in D2O. 

The NH and P-proton resonances were confirmed by observation of the amide­

beta cross-peak in the TOCSY spectrum. Sequential assignments were made 

from the observation of daNU, i+1) cross-peaks in the ROESY and NOESY 

spectra. Spectral overlap was a significant problem in the analysis of this 

peptide. With the exception of one outlying amide resonance (Ile26, ◊NH = 

7.8lppm), the amide resonances were tightly clustered in only a 0.54 ppm r_ange 
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(8: 8.18 - 8.72 ppm). Since amide proton chemical shifts are temperature 

dependent, the sequential assignment of every spin system could only be 

accomplished with reasonable confidence by acquisition of spectra at several 

temperatures. Additionally, the synthesis and comparison of other designs listed 

in Table 2-1 and described in subsequent sections, aided in correct identification 

and sequential assignment of spin systems for TOXl. 

Analysis of the NOESY spectrum taken at 281 K was performed to 

determine the presence of secondary or tertiary structure for TOXl. In particular 

the spectrum was inspected for the presence of a number of key NOEs that might 

indicate sheet or turn formation. Observation of both a dNNU+2, i+3) and a 

strong daNU+l, i+2) NOEs, although not conclusive, are indicative of type II turn 

formation (Figure 2-5).36 These NOEs were observed for both the designed and 

the natural type II turns in TOXl. All three dNN(Ser9, His10), daN(Ser9, His10) 

and strong daN(Pro8, Ser9) NOEs were present in the NOESY spectrum of TOXl 

and suggested turn formation in this region.36 The absence of the expected 

daN(Pro8, HislO) NOE indicated that this sequence did not form a tight ~-hairpin. 

Two of the analogous NOEs (dNN(Gly25, Ile26) and daN(Pro24, Gly25)) were also 

observed for residues 23-26 (Figure 2-4, Turn B) in the NOESY spectrum 

indicating that some population of the peptide contained a turn-like 

conformation in this region. 
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Figure 2-5 Conformation of a type II ~-turn. A. Tetrapeptide (with proline at 

position i+l) in a type II turn formation. B. NOEs indicative of type II turn 

formation. 1 daNU+1, i+2); 2 daN (i+2, i+3); 3,3' da0(i, i+2); 4 dNN(i+2, i+3); 5 

daNU+l, i+3). The residue shown at position (i+2) is a D-amino acid. Glycine was 

present at this position in Turn B (residues 23-26). 
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The turn sequences of TOXl: 

Turn A: -Val7-Pro8-DSer9-Hisl0_ 

Turn B: -Lys23-Pro24-Gly2S_ne26_ 

In addition to the NOEs specified, a low amide proton temperature 

coefficient (-118/ 11T < 6.0 ppb/K) for the amide at position (i+3) is expected for a 

turn-like conformation (Figure 2-5).26 In a ~-turn structure this amide 

participates in a hydrogen bonding interaction with the carbonyl at position (i). 

Such an interaction shields the amide proton from exchanging with solvent and 

lowers the amide temperature coefficient. Assignment of the 2D TOCSY spectra 

at three temperatures, permitted the determination of amide temperature 

coefficients for most amide protons. HislO and Ile26 at position (i+3) of the 

designed and native type II ~-turn, respectively, have significantly lowered 

temperature coefficients (-118/ 11T < 4.0 ppb/K) in agreement with the NOEs 

observed for these region . 

Figure 2-6 Schematic illustration of the NOEs which define an ideal ~-sheet 

structure. Intra-strand daN(i, i+l) are shown as solid arrows, while the inter­

strand daa(i, j), dNN(i, j) and daN(i, j) are shown by dashed arrows. 
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p-sheet structure in proteins is characterized by both short range intra­

strand and long range inter-strand NOEs (Figure 2-6).36 In an extended, sheet­

like structure, the da.N(i, i+l) distance is < 3.0 A, and should result in strong 

daNU, i+l) NOEs in NOESY (~ 5.0 A cutoff) and ROESY (~ 3.5 A cutoff) 

experiments. Strong da.N(i, i+l) NOEs were observed in a ROESY experiment for 

residues in the ranges 4-7, 11-15, and 26-30. These regions were designed to form 

the triple stranded p-sheet in TOXl. Although daNU, i+l) NOEs are not unique 

to p-sheet structure, observation of these NOEs did suggest an extended 

backbone conformation.36 While the remaining residues showed strong to 

medium da.N(i, i+l) NOEs in the NOESY spectrum, the corresponding NOEs 

were weak or absent from the ROESY spectrum, indicating a less extended 

conformation in the loop region. Typically, in addition to strong intra-strand 

daNU, i+ 1) sequential NO Es, the observation of several daaU, j), dNN(i, j) and 

daNU, j) NOEs uniquely identifies sheet structure (Figure 2-6).36 None of these 

inter-strand NOEs were observed for TOXl indicating that despite the presence 

of the two turns and an extended conformation for much of the sequence, the 

peptide did not adopt the desired secondary or tertiary structure. In addition, 

several weak dNN(i, i+l) NOEs were observed for TOXl. In a purely extended or 

sheet like conformation the amide protons on adjacent residues should be on the 

opposite side of the strand and would not be expected to show strong dNN 

NOEs. Therefore, observation of these NOES indicates that although the 

backbone of much of the peptide is extended several regions probably adopt 

transient non-extended conformations. 

Variable temperature analysis and H/D exchange studies confirmed the 

lack of a defined structure in TOXl. Reduced amide temperature coefficients 

(-~8/ Af< < 4.0 ppb/K) were observed only for HislO and Ile26 in the turn regions, 

and no other amide had a significantly lowered amide temperature coefficient. 
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Additionally, no slow exchanging amide protons (texchange>20min) were seen in 

deuterium exchange experiments performed on TOXl. Therefore, although 

some amide protons exhibited low temperature coefficients suggestive of 

hydrogen bonding in the turn regions, these interactions were not sufficient to 

prevent rapid deuterium exchange with the solvent. This observation was also 

consistent with the absence of the do:N(Pro8, His10) or do:N(Pro24, Ile26) NOEs 

for these turns. 

Our first attempt at the design of a PPP motif on the erabutoxin b sequence 

met with limited success. Significantly, despite the absence of a distinct tertiary 

structure, several NOEs and amide variable temperature analysis revealed that 

the designed type II p-turn was indeed present to some degree in the large 

peptide. Two additional peptides were synthesized to aid in the overall analysis 

of these results: the native sequence of erabutoxin b 25-54 with only the 

Cys42➔Ser substitution (NATl), and TOX2, the Phe5➔Trp derivative of TOXl. 

The first of these peptides, NATl, served as a control to investigate the effect of 

the engineered type II turn on the inherent structure of the fragment. The native 

sequence has a tryptophan residue at position 29 (position 5 in the TOXl 

numbering scheme). This residue is invariant in the toxin family and evidence 

suggests that it plays both a structural and functional role.38 Trp29 appears to be 

central to the hydrophobic cluster formed by the residues of strands 2 and 3 and 

the loop (Figure 2-2, Domains 1 and 2), and might have a large impact on tertiary 

structure.38 Therefore peptide TOX2, with the same sequence as TOXl but 

retaining this tryptophan at position 5, was synthesized and analyzed. 

NATl and TOX2: 

Both peptides TOX2 and peptide NATl were synthesized by standard 

Fmoc solid phase peptide synthesis. Some difficulty was initially encountered in 
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the synthesis of these peptides. Previously, standard protocols used 20% 

piperidine in DMF for Fmoc deprotection during solid phase peptide synthesis 

(SPPS).37 Subsequent to the synthesis of TOXl, the successful use of 2% DBU in 

DMF for Fmoc deprotection during SPPS was reported.38 Since piperidine is 

toxic and a controlled chemical, the deprotection protocol was changed to use 

DBU. Mass spectral analysis of HPLC purified material from the initial synthesis 

attempts of NA Tl and TOX2 revealed a mixture of two peptides: a product with 

the correct molecule weight and a product with a molecular weight less by 34 

amu (~MW -34). These two products co-eluted during HPLC and capillary zone 

electrophoresis (CZE) analysis, complicating the identification of the side 

product. The ratio of the side product to the desired peptide appeared to vary in 

different syntheses ranging from 10:1 to 2:1 in favor of the side product. It was 

initially suspected that this species was an artifact of the ionization techniques 

used in the mass spectral analysis, but data obtained using both electrospray 

ionization and plasma desorption ionization techniques yielded similar results. 

It was subsequently discovered that the use of 2% DBU for Fmoc deprotection 

resulted in the elimination of the side chain trityl-protected sulfur from the C­

terminal cysteine to produce dehydroalanine. Since the peptide design 

incorporated a free C-terminus, all peptides were assembled via an ester linkage 

to the resin in order to provide a free C-terminal acid upon clevage.37 This ester 

linkage labilized the alpha proton of the C-terminal cysteine residue and 

facilitated elimination. It was also apparent from these synthesis attempts that 

although elimination occurs to only a small extent during each deprotection 

cycle, the synthesis of a 30 residue peptide ultimately produced significant 

amounts of dehydroalanine-containing peptides. Due to these problems, peptide 

NAT 1 was obtained immobilized on the solid support as a gift from 
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MilliGen/Biosearch (Millipore, Burlington, MA). A solution of 20% piperidine in 

DMF was used successfully for Fmoc deprotection during SPPS of TOX2. 

Structural Analysis 

The NMR results for both peptides NA Tl and TOX2 are qualitatively 

similar to those obtained for TOXl. The native sequence (NATl) was found to 

be considerably more insoluble than either of the sequences containing the 

designed type II turns (TOXl and TOX2). While the solubility limit appeared to 

be~ 8mg/ml (2.7mM), this concentration was sufficient for NMR analysis. 

In the NA Tl peptide, the original type I B-turn connecting strands 1 and 2 

(residues Asp7-Gly10), and the type II B-turn between the loop and the third 

strand (residue Lys23_Ile26) were maintained (Figure 2-2, Turn A and B, 

respectively). NMR analysis revealed that, just as was the case for TOXl, several 

NOEs indicative of type II turn formation for residues Lys23-Ile26 were observed 

in the NOESY spectrum of NATl (strong daNU+1, i+2) and dNN(i+2, i+3) NOEs) . 

Additionally, the amide of Ile26 exhibited a reduced amide temperature 

coefficient as would be expected for turn formation (Figure 2-5) . Similarly, NMR 

analysis indicated that residues 7-10 formed a turn, although definitive 

assignment of a turn type to this region was not possible. In all four of the major 

B-turn types (Table 1-1) the amide of position (i+3) participates in an (i) CO➔ 

(i+3) NH hydrogen bond, and would therefore be expected to exhibit a reduced 

variable temperature coefficient. Additionally, all turn types would be expected 

to exhibit a dNN(i+2, i+3) NOE, although they can be differentiated by the 

strength of the daN(i+1, i+2) NOE. Specifically, a strong daNU+l, i+2) NOE is 

expected for a type II B-turn, while this NOE is very weak in a type I B-turn which 

exhibits a strong dNN(i+l, i+2) NOE instead (Figure 2-7). In the case of the type 

II turn containing the heterochiral Pro-DSer sequence in TOXl, the presence of 
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the D-amino acid precluded the adoption of any other turn type, since a D-amino 

acid at the (i+2) position is only compatible with a type II ~-turn.26 The native 

sequence of NA Tl for residues 7-10 consists of all natural L-amino acids and 

would therefore be expected to favor a type I turn. Unfortunately the amide 

proton resonances of Phe8 and Arg9 had very similar chemical shifts which 

prevented observation of the dNN(i+1, i+2) NOE characteristic of a type I turn. 

The strength of the daNU+1, i+2) NOE between Phe8 and Arg9 could also not be 

accurately ascertained due to spectral overlap. Therefore, although the reduced 

amide temperature coefficient of Gly10 and the dNN(Arg9, GlylO) NOE suggested 

turn formation, the type of turn formed could not be established. 

Type II 

Figure 2-7 The daNU+1, i+2) and dNN(i+1, i+2) distances in an ideal type I or 

type II ~-turn. 
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Sequential daN(i, i+l) NOEs were observed for many residues of NATl 

(Table 2-4). Additionally dNNCi, i+l) NOEs were observed for several residues 

within the peptide that were not expected to be in a turn conformation (Table 2-

3). These NOEs should be weak or absent in an ideal extended sheet-like 

conformation (Figure 2-8), yet they were present and stronger than expected for 

the native sequence, especially for the residues adjacent to the turn sequence 

(Asp7-Gly10) . As mentioned earlier the type I ~-turn at this position in the 

structure of erabutoxin b determined by crystallographic analysis28 is twisted, 

and the twist is compensated for by the unusual dihedrals of the residues at 

positions (i) and (i+3) . Due to this twist it is possible that the surrounding 

residues adopt a non-extended conformation resulting in stronger dNNU, i+l) 

NOEs in this region. 

Figure 2-8 A sequential dNN NOE is illustrated by the curved 

arrow for a peptide backbone in an extended conformation. The 

expected sequential daN NOE is also shown. 

Peptide TOX2 differs from TOXl only in the Phe5➔ Trp substitution. As 

with TOXl, NOEs for both the engineered and the native type II ~-turns were 

observed for peptide TOX2. A strong sequential daN(i+1, i+2) NOE and the 

dNN(i+2, i+3) NOE together with a reduced amid proton temperature coefficient 
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for HislO at position (i+3) indicated type II turn formation for residues 7-10. In 

this case the inclusion of the heterochiral sequence, Pro8-DSer9, disfavored 

formation of any of the other turn types. Similar NOEs and amide temperature 

coefficients are observed for residues 23-26, indicating type II turn formation in 

the disulfide linked loop. Although, this peptide displays sequential daN(i, i+1) 

NOEs similar to NATl, the dNN(i, i+1) observed for residues surrounding the 

turn region are considerably weaker (relative to the turn dNN(Arg9, Gly10) NOE) 

or absent in this peptide, highlighting the differing effects of the type I and type 

II ~-turns on the conformation of the surrounding residues. A comparison of the 

relative intensities of both daNU, i+ 1 ), the dNN(i, i+ 1) NOEs, and the results of the 

amide variable temperature analysis are given in tables 2-4, 2-5, and 2-3 

respectively. 

(i) (i+1) TOXl NATl TOX2 
5 6 not observed weak not observed 
9 10 medium medium medium 
10 11 medium medium weak 
11 12 overlap medium overlap 
13 14 weak weak 
17 18 strong strong strong 
25 26 weak medium medium 
29 30 weak weak weak 

Table 2-3 Summary of dNN(i, i+1) NOEs observed for all three peptides. The 

relative intensities were determined by qualitative inspection of the 200 ms 

NOESY at 281K The NOEs indicative of turn formation are highlighted. 
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Sequential daN(i, i+l) NOEs (200 ms NOESY, 281 K) 

a-proton amide TOXl NATl TOX2 

2 3 weak absent 

3 4 not observed strong strong 

4 5 medium medium medium 

5 6 medium not observed strong 

6 7 strong medium strong 

7 8 a medium a 

8 9 strong overlap strong 

9 10 medium medium medium 

10 11 b medium weak 

11 12 strong medium weak 

12 13 strong overlap medium 

13 14 strong strong not observed 

14 15 not observed overlap not observed 

15 16 not observed overlap not observed 

16 17 medium strong medium 

17 18 very weak weak weak 

18 19 medium medium medium 

20 21 strong not observed strong 

21 22 strong strong strong 

22 23 strong overlap medium 

24 25 medium medium medium 

25 26 not observed not observed very weak 

26 27 strong medium medium 

27 28 medium weak medium 

28 29 medium weak medium 

29 30 medium weak strong 

Table 2-4 The relative intensities of the sequential daNU, i+l) NOEs for each 

peptide. Relative intensities are based on qualitative inspection of the NOESY 

spectrum and serve only for comparison within a peptide. a Proline at the i+l 

position. b Alpha proton resonance obscured due to water signal. 
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Residue TOXl NATl TOX2 
His2 
Lys3 -7.72 -7.755 -7.67 
Gln4 -7.57 
Trp5 -8.32 (Phe) -9.91 -9.45 
Ser 6 -6.10 -5.22 -5.84 
Val 7 -8.68 -4.82 (Asp) -7.57 
Pro8 -6.37 (Phe) 
oSer9 -9.30 -5.48 (Arg) -8.47 
His 10 -3.93 -l.81(Gly) -4.59 
Thr 11 -6.30 -6.45 -6.46 
Ile 12 -7.15 -8.67 -9.22 
Ile 13 -9.63 -8.68 -8.54 

Glu 14 -7.55 -6.14 
Arg 15 -8.12 -8.5 -6.54 
Gly 16 -6.44 -6.52 
Ser 17 -7.22 -7.41 -7.65 
Gly 18 -6.68 -6.75 
Cys 19 -5.16 -5.33 
Thr 21 -9.07 -10.0 -9.48 
Val22 -8.70 -9.08 -9.46 
Lys23 -8.92 -9.35 -9.36 
Gly25 -7.10 -7.205 -7.24 
Ile 26 -3.45 -3.34 -3.22 
Lys27 -6.78 -7.67 7.58 
Leu28 -8.26 -7.47 -7.77 
Ser 29 -8.13 -8.36 -8.35 
Cys30 -4.82 -5.197 -5.48 

Table 2-5 Comparison of amide proton variable temperature 

coefficients (~<> / ~ T, ppb /K)for the three peptides. The sequence listed 

is for TOX2. Sequence differences in peptides NA Tl and TOXl are 

noted by the appropriate residue listed after the amide VT coefficient. 
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Discussion 

On the basis of the structural studies, it was concluded that all three 

peptides lacked a defined secondary or tertiary structure. Although there is 

some evidence for turn formation for residues 7-10 and 23-26 in all peptides, this 

was insufficient to direct the adoption of a discrete structure, and all peptides 

existed primarily in random coil conformations. Based on these results a careful 

analysis of the single covalent restraint retained within the excised PPP motif (the 

disulfide between residues 19 and 30) was performed. 

Figure 2-9 The dihedral angles that defined disulfide geometry. 

The geometry of a disulfide is described by five dihedral angles as 

illustrated in Figure 2-9. These five angles also determine the torsional strain 

energy associated with a particular disulfide bond.39 A disulfide is generally 

considered to stabilize the folded conformation of proteins by affecting the 

energetics of the unfolded and folded states, although the exact nature of the 

stabilization is still a matter of uncertainty.40 Engineering cystine bridges into 
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existing proteins has been the focus of several protein design efforts.41 -43 

Interestingly, not all efforts have resulted in increased stability.44 The failure of 

some efforts has been attributed, in part, to the strict geometrical constraints on 

the formation of disulfides with low torsional energies.45 Early analysis of 

disulfide conformations in the crystal structures of natural proteins indicated that 

there was a strong preference for either a left-handed "spiral" conformation (x3 = 

-90°) or a right-handed "hook" conformation (x3 = +90°) although considerable 

variance was noted.39 Recently, Katz and Kossiakoff solved the crystal structure 

of several variants of subtilisin which contained engineered disulfides.46 They 

also performed a more comprehensive analysis of the conformations of both 

engineered and native disulfides in proteins.46 Their results indicate that 

disulfides can have very different torsional energies, and the conformation of the 

disulfides engineered into subtilisin were of "atypical" geometries and high 

calculated energies. Disulfides from all proteins studied were classified into five 

general families based on the dihedral values and geometries, and disulfide 

energies were estimated for each class based on the average dihedral angles.46 

The theoretical torsional strain energy of a disulfide is determined primarily by 

the x3 dihedral angle, which exhibits an energy minimum at± 83°.46 The other 

side chain dihedral angles (X 1, x2) have less influence on the energy but do 

exhibit definite conformational preferences.46 While Katz and Kossiakoff 

concluded that even high energy strained disulfides are tolerated in engineered 

systems,46 it is not clear that such cross-links contribute to protein stability.47 In 

fact, the high energy disulfides engineered into subtilisin do not increase its 

stability towards irreversible inactivation.44 Additional experiments point to the 

importance of disulfide geometry in determining the potential stabilizing effects 

of engineered cystine cross-links. Mutiple disulfide bridges were engineered into 

coiled-coil proteins of de nova design.48 Analysis of the resulting constructs 
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indicated that most effective cross-links (i.e. those that afforded the greatest 

increase in stability) were achieved with cystine bridges for which near-optimal 

geometries could be modeled into the designed coiled-coil structure.48 Clearly, 

the geometrical preferences of disulfides must be included in estimating the 

potential stability afforded by the cross-link. For our purposes, a disulfide bond 

should serve as a structural constraint, to stabilize and promote the folding of the 

desired tertiary structure. Therefore it is important to design a disulfide with the 

near-optimum geometry in future designs in order to afford the most effective 

structural determinant. 

Analysis of the dihedral angles associated with all four cystines found in 

the erabutoxin b structure28 revealed that the disulfide retained in the TOXl 

design was of somewhat high energy. In fact, this disulfide has the highest 

torsional energy of all the disulfides found in the erabutoxin b crystal structure 

(Table 2-6) . Thus the disulfide which was initially anticipated to be a powerful 

constraint on the structure of the motif was probably not the optimal choice for 

the desired structure. While this disulfide conformation is clearly tolerated in the 

erabutoxin b structure, there are many other factors which determine the 

structure of the toxin, including three additional disulfides which create a 

hydrophobic core. If the strain of this particular disulfide is high then the 

incorporation of this cross-link may actually disfavor the desired ~~~ structure. 

As a covalent cross-link a disulfide can be a very powerful structural 

determinant. However, by retaining the 43-54 disulfide (erabutoxin b numbering 

scheme) we may not be using the potential of this cross-link to the fullest possible 

extent. 
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Disulfide 
X1 X2 X3 X2• X1• 

Ca-Ca Class Predicted 
Dist. (A) energy46 

54-43 -61.5 178.5 83.6 66.7 -174.3 5.60 4 RH 2.83 
30-19 kcal/mol 
17-41 -47.41 -54.1 -82.7 -91.8 -74.1 5.70 1 LH 0.54 
-7-17 kcal/mol 
3-24 -65.2 -67.8 -85.4 -59.8 -60.7 5.68 1 LH 0.54 
-22-(-1) kcal/mol 
55-60 53.5 88.9 85.5 88.1 63.1 6.16 unk 
+1-+6 

Table 2-6 Analysis of the geometries and relative energies of the disulfides 

present in erabutoxin b.28 Erabutoxin b numbering is in bold, and the position 

realtive the TOXl sequence indicated below. If feasible, each disulfide has been 

classified (according to Katz and Kossiakoff)46 on the basis of dihedral angle 

values. The predicted torsional energy of each class is listed for comparison. 

Analysis of the conformation of the erabutoxin b disulfides led to the 

consideration of relocating the disulfide constraint, possibly creating a cross-link 

not present in the native system. An alternative position for the cystine bridge is 

linking the polypeptide termini. If the two p-turns promote the reversal of the 

peptide backbone and the ends of the peptide are covalently linked via a cystine 

bridge, then the ensemble of structures compatible with these three constraints 

should include the desired PPP topology. This design would require lengthening 

the peptide by several residues on either end in order to place the disulfide 

external to the sheet region of the motif and allow for considerable flexibility in 

disulfide bond formation, permitting low energy dihedral angles. Initial 

modeling studies, including simulated annealing molecular dynamics, were 

performed to investigate this possibility. The results were encouraging; if the 

residues 7-10 and 23-26 are fixed in a p-turn conformation and the ends 

covalently cross-linked with cystine, the structure of the peptide is largely 
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maintained even during dynamics at 1500K. Dynamics at this temperature allow 

the molecule to sample many conformations; yet with the simple constraints of 

the two turns and the terminal cross-link, the overall fold retains the desired PPP 

topology. 

In addition to cystine, non-natural thiol containing amino acids could be 

considered for disulfide bond formation, including asp-methyl cysteine (Bmc)49 

and homocysteine. Bmc is a p-branched amino acid and would therefore favor 

an extended sheet like conformation,50 while homocysteine would allow for 

additional flexibility in disulfide bond formation potentially reducing any 

torsional strain. An asymmetrical pairing of these two residues might also be 

profitably exploited; while Bmc is potentially too conformationally constrained to 

form low energy symmetrical disulfides, cross-linking with homocysteine might 

compensate for this drawback and allow the benefits of the p-branched Bmc to be 

reaped without paying any dues in torsional strain. 

Conclusions 

The construction of a well defined structural template in less than 50 

residues is a difficult task; Nature typically employs cross-links such as 

disulfides or metal ligation to achieve this goal. However, these constraints 

reduce the versatility of these natural peptides for future elaboration into 

functional constructs. In addressing this problem, our approach to protein 

design involves the utilization of defined p-turns and unnatural amino acids to 

achieve a defined three-dimensional structure containing only the minimal cross­

linking interactions. The work presented in this chapter represents the first 

attempt at the implementation of this approach. While assembly of the target PPP 

motif was not achieved, several valuable lessons were learned. Caution must be 
r 

exercised in the use of a disulfide bridge to control peptide structure; the 
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torsional energy of a disulfide must be considered when analyzing its potential 

effects on conformation. Encouragingly NMR analysis indicated that the 

engineered turn motif adopted a folded conformation even in the presence of 

largely random coil structure. This observation underscores the potential utility 

of these small motifs to form elements of local secondary structure that might be 

properly exploited as structural constraints if located in the appropriate 

environment. 

The ~~~ motif is an appealing motif for the design of a catalytic 

polypeptides; the accessibility of a hydrophobic binding pocket comprising the ~­

sheet and the ability to position several functional residues in close proximity 

around a ~-turn are desirable characteristics for the long term goal of functional 

peptidyl constructs. While reassessment of the designed ~~~ motif did suggest 

some design alternatives for future constructs, the "open" nature of the snake 

neurotoxins, and the conformational dependence of the excised motif on both 

auxiliary protein structure and multiple cross-links may have made the snake 

neurotoxins a poor candidate for the basis of a first design attempt. Based on 

these results, two factors will need to be considered in choosing future design 

targets. First, the chosen natural template should form an independently folded 

peptide or protein domain and not be dependent on a supporting protein 

framework. This desired characteristic would restrict our task to the elimination 

of the requirement for cross-links in the adoption of the desired tertiary structure. 

Second, the target motif should have a well defined hydrophobic core creating a 

compact globular structure. In this regard, there are several proteins with 

substantial ~-sheet character which may serve as more appropriate natural 

templates. Charybdotoxin forms a compact ~a~~ motif in only 37 residues, 

including 3 disulfides.51 The helix packs against a triple stranded antiparallel ~­

sheet, linked by two disulfides, while a third disulfide connects the first strand to 
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the C-terminal p-hairpin. In addition to the disulfides, two groups of amino acids 

form hydrophobic clusters within the motif and appear to be structurally 

important.52 

The C-terminal domain of cellobiohydrolase represents the "reverse" of the 

PPP motif described here, consisting of a strand-loop-strand-turn-strand 

topology.53 Unlike the "toxin" motif investigated in this chapter, this protein 

domain forms an independently folded structure comprising only 36 residues, 

including 2 disulfides. The solution structure has been solved by 2D NMR 

techniques53 and this system presents several opportunities to exploit the p-turn 

structures developed in this lab. 

A third and very appealing possibility is presented by the zinc finger 

peptides.54, 55 Sequential arrays of these small domains (25-30 residue) form the 

DNA binding regions in many transcription factor proteins.54, 55 These 

polypeptide fragments form compact mini-globular structures with a ppa 

topology through the use of metal ligation. In addition to metal coordination, 

these motifs include a defined hydrophobic core of three residues, which are 

critical for defined three-dimensional structure in these peptides.55 The 

following chapters describe the second attempt at the design of a versatile 

structural template from naturally occurring peptide sequences based on the zinc 

finger motifs. Key concepts presented in this chapter such as the incorporation of 

unnatural amino acids to control structure and incorporate functionality and the 

utilization of defined p-turns as structural nucleation elements are elaborated 

upon in the next two chapters. 
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concerning the mass spectral analysis of NA Tl and TOX2 samples. 

Experimental 

Peptide Synthesis 

TOXl was synthesized by solid phase methods on a Milligen 9050 

automated peptide synthesizer using N<X-9-fluorenylmethoxycarbonyl (Fmoc) 

protected amino acids and BOP /HOBT or DIPCDI/HOBT amide coupling 

chemistry.56 Peptide TOXl was assembled on Fmoc-L-Cys(Trt)-KA resin 

(Millipore, MA) of 0.12 mmole/gram substitution. Fmoc deprotection was 

accomplished by washing the resin with 20% piperidine in DMF. Typical 

coupling cycles were 1 to 1.5 hours using a 3- or 4-fold excess of amino acid. 

Double coupling cycles were performed for amino acids which have been 

reported to be difficult to couple during SPPS.57 Simultaneous removal of side 

chain protecting groups and cleavage from the resin was accomplished with 

Reagent K (82.5:2.5:5:5:5 TFA/ethanedithiol/H2O/ anisole/phenol)58 in 2-3 

hours. The resin was filtered and the filtrate collected and concentrated. The 

peptide was precipitated from the TFA mixture with 2:1 ether/hexane. The 

supernatant was decanted after centrifugation and trituration with 2:1 

ether /hexane was repeated until the peptide formed a fluffy white solid. The 

peptide was dissolved in a minimal amount of water and lyophilized. The crude 

peptide sample was oxidized by addition of 20% dimethyl sulfoxide (DMSO)35 to 

an aqueous solution of the peptide at pH 7.0 or by a air oxidation of dilute 

solutions. Treatment of the oxidized peptide with Ellman's reagent59 revealed 

that the free thiol content was < 2%. The crude oxidized sample was passed 

through a Centricon membrane filter with a molecular weight cutoff of 3000 

daltons (slightly less than the expected molecular weight of the peptide)._ All 
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peptidyl components of the crude mixture passed through the membrane 

indicating the absence of intermolecular disulfide formation. The oxidized 

sample was then purified by HPLC. Electrospray ionization (ESI) mass 

spectrometry confirmed that the peptide was a monomer with a molecular 

weight of 3270.8 daltons (MW calc. 3270.8). The identity of the polypeptide was 

also confirmed by amino acid analysis. 

NAT1 was obtained as the fully protected resin immobilized peptide from 

MilliGen/Biosearch (MA). The incorporation of the tryptophan residue via solid 

phase peptide synthesis has been known to produce significant side products 

due to facile alkylation of the indole ring by the cations produced during side 

chain deprotection and cleavage of the peptide from the resin.60 Tryptophan is 

also acid labile and sensitive to oxidation, therefore minimal peptide cleavage 

time is desirable.61 For this reason the Pmc (2,2,5,7,8,-pentamethyl-chroman-6-

sulfonyl choride) group was used for the side chain protection of arginine, since 

this group is more quickly removed during cleavage than alternatives (such as 

the Mtr, methoxytrimethylbenzene sulfonyl, protecting group).61 Studies were 

performed to determine the minimal cleavage time necessary for both the 

complete side chain deprotection and removal from the resin. Approximately 

150 mgs of resin was cleaved using Reagent K. Approximately equal aliquots of 

resin and cleavage mixture were removed at various time points from 15 minutes 

to 3 hours and treated as described for TOX1. Cleavage times of less than one 

hour appeared to afford lower yields of crude peptide than did longer time 

points. HPLC analysis indicated that the purity of the crude peptide was 

comparable for all samples cleaved for at least 1 hour. ESI mass spectral analysis 

of purified samples from 45 minute and 3 hour cleavage times confirmed that the 

major product in each case was the correct peptide (C149H235O42N43S2, MW calc. 

3364.9 obsvd 3364.6). 
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Large scale cleavage was accomplished by treatment with Reagent K for 

2.5 hours. The cleavage mixture was freshly prepared and sparged briefly with 

N2 and the reaction mixture blanketed with N2. The crude unoxidized peptide 

was purified by semipreparative (10 mm x 25 cm) reverse phase C1s HPLC using 

acetonitrile:H2O (0.1 % TFA) solvent mixtures (tR = 12 minutes, 26% acetonitrile 

isocrat). Disulfide oxidation of the purified peptide was accomplished by 

addition of 20% DMSO to an aqueous solution of the peptide at pH 7.0 - 8.0 

(unbuffered) with stirring at room temperature.35 The progress of the oxidation 

reaction was monitored by HPLC analysis. Aliquots of the DMSO/water 

mixture were directly injected on to an analytical (4.6 mm x 15 cm) C1s reverse 

phase column (tR = 17.1 minutes, reduced; tR = 9.4 minutes, oxidized) using a 

25% acetonitrile isocrat. The reaction was complete after 9 hours and yielded the 

oxidized peptide in excellent purity. After removal of the solvent by 

lyophilization, no additional purification was required. The identity and purity 

of the oxidized product was confirmed by ESI mass spectrometry (MW 

calculated 3362.8 amu, observed 3362.9 amu). Treatment of the crude peptide 

under similar conditions resulted in a much slower oxidation, with complete 

oxidation requiring in excess of 20 hours, potentially due to the presence of 

residual thiols from the cleavage reagent. 

Peptide TOX2 was synthesized essentially in the manner described for 

peptide TOXl. The cleavage protocols developed for peptide NA Tl were 

adopted. The peptide was purified in the reduced form and the disulfide formed 

by oxidization with 20% DMSO in H2O, pH 7.5 - 8.0. Concentration of the 

peptide from this mixture yielded pure oxidized peptide. The residual DMSO 

was removed by repeated dissolution in water and lyophilization. The purity 

and identity of the resulting oxidized peptide was verified by plasma desorption 

mass spectrometry (C14sH232O4N42S2, MW calc. 3307.9 obsvd. 3308±1). 
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NMR Analysis 

Two-dimensional 1H NMR spectra of TOXl, NA Tl, and TOX2 were 

obtained on a 500 MHz AMX Bruker spectrophotometer. In each case purified 

peptide was dissolved in 440 µl of 90:10 H2O/D2O and the pH adjusted to pH 

4.2-4.3 with small aliquots of NaOH or HCl. Spectra of TOXl were acquired at 

277 K, 281 K, and 300 K, at a peptide concentration of 6.9 mg/ 440µ1. Peptide 

NATl was found to be only partially soluble in water and the NMR spectra were 

acquired at a concentration of 4.4 mg/ 440 µl (2.7 mM) at 277 K, 281 K, and 300 K. 

Spectra of TOX2 were acquired at a concentration of 9.9 mg/ 464 µlat 277 K, 281 

K, 290 K, and 300 K. Complete sequence specific assignments36 (see Tables 2-8, 

2-9, and 2-10) for backbone and side chain protons were determined using total 

correlation spectroscopy (TOCSY),62 magnitude mode correlation spectroscopy 

(mmCOSY), nuclear Overhauser spectroscopy (NOESY),63 and rotating frame 

nuclear Overhauser spectroscopy (ROESY) at 281 K. Spectral ambiguities at 281 

K were resolved by analysis of spectra taken at different temperatures and by 

comparison of spectra from each peptide. All spectra were processed using Felix 

or Felix 2.0 software (Biosym, CA). Free induction decays (FID) were multiplied 

by a phase shifted sine bell apodization function and zero filled (2048 points) 

prior to Fourier transform. Suppression of the water signal was accomplished by 

presaturation during the relaxation delay (1.3 s). Amide proton variable 

temperature coefficients were obtained by determining the spin system and 

sequential assignments at multiple temperatures. Plots of amide proton chemical 

shift versus temperature were linear and the slopes corresponded to the amide 

proton temperature coefficient. 
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residue alpha amide side chain 

Tyr1 4.19 3.05, 3.12, 6.81, 7.09 

His2 4.61 8.60 3.14, 3.32, 7.24, 8.61 

Lys3 4.16 8.59 1.70, 1.83, 1.35, 1.45, 2.94 

Gln4 4.28 8.60 1.89, 6.98, 7.61 

Phe5 4.65 8.54 3.02, 3.12, 7.33,7.23 

Ser6 4.45 8.35 3.76 

Val7 4.40 8.37 2.02, 0.94, 0.97 

Pro8 4.44 2.31, 1.93, 2.08, 1.99 d 3.93,3.72 

DSer9 4.55 8.44 3.86 
HislO 4.81 8.54 3.14, 3.22, 7.24, 8.61 

Thr11 4.28 8.35 4.10, 1.17 
Ile12 4.16 8.44 1.83, 1.17, 1.48, 0.858, 0.84 
Ile13 4.14 8.40 1.83, 1.17, 1.48, 0.86, 0.84 

Glu14 4.34 8.62 1.94, 2.05, 2.32 
Arg15 4.34 8.62 1.87, 1.79, 1.65, 1.66, 3.20, 7.27 
Gly16 4.01 8.65 

Ser17 4.45 8.44 3.87, 3.92 
Gly18 3.98 8.63 
Cys19 5.00 8.42 2.91, 3.21 
Pro20 4.50 1.94, 2.30, 2.02, 2.08 d 3.72,3.85 
Thr21 4.27 8.25 4.13, 1.21 

Val22 4.19 8.30 2.09, 0.91, 0.93 
Lys23 4.63 8.30 1.83, 1.86, 1.45, 1.68, 2.99, 7.61 
Pro24 4.34 1.92, 2.30, 2.00, 2.09. 3.63, 3.84 
Gly25 4.17, 3.74 8.71 
Ile26 4.25 7.83 1.97, 1.20,1.39, 0.91, 0.90 
Lys27 4.35 8.55 1.75, 1.43, 168, 2.99 

Leu28 4.44 8.41 1.63, 1.65, 0.90, 0.93 

Ser29 4.41 8.72 3.80, 3.90 
Cys30 4.50 8.20 3.13, 3.25 

Table 2-7 NMR assignments for TOXl. 500 MHz, 90:10 H2O:D2O, pH 4.25, 

281K, 6.9mg/440µ1, referenced to DMSO (◊ 2.72ppm). 
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residue alpha amide side chain 

Tyr1 4.176 3.038, 3.124, 6.802, 7.065 

His2 4.597 8.597 3.066, 3.119, 8.515, 7.186 

Lys3 4.628 8.297 2.983, 1.68, 1.448, 1.835, 7.61 

Gln4 4.312 8.65 1.986, 1.916 

Trp5 4.662 8.489 3.28, 7.242, 10.19, 7.581, 7.096, 
7.192, 7.442 

Ser6 4.316 8.144 3.745, 3.596 

Asp7 4.543 8.226 2.642 

Phe8 4.536 8.251 3.081, 7.312, 7.236 

Arg9 4.21 8.286 3.085, 1.465, 1.791, 1.655, 7.280 

GlylO 3.902 7.811 

Thr11 4.315 8.150 4.162, 1.186 
Ue12 4.15 8.37 1.44, 1.156, 1.824, 0.826, 0.844 
Ue13 4.14 8.37 1.145, 1.44, 0.850, 0.805 

Glu14 4.335 8.545 2.30, 1.93, 2.03 
ArglS 4.303 8.57 1.861, 1.768, 1.61, 1.65, 3.146, 

7.237 
Gly16 4.00 8.60 

Ser17 4.446 8.415 3.873, 3.922 
Gly18 3.975 8.617 
Cys19 4.988 8.408 2.911, 3.202 
Pro20 4.49 1.95, 2.29, 2.00, 3.825, 3.704 
Thr21 4.267 8.241 4.126 
Val22 4.18 8.290 2.093, 0.925 
Lys23 4.628 8.297 1.835, 1.448, 1.680, 2.983, 7.61 
Pro24 4.335 1.91, 2.01, 2.29, 2.00, 3.84, 3.631 
Gly25 4.163, 3.729 8.694 
Ue26 4.255 7.821 1.96, 1.381, 1.214, 0.907, 0.828 
Lys27 4.34 8.550 1.758, 1.735, 1.409, 1.672, 2.983, 

7.58 
Leu28 4.44 8.411 1.641, 1.606, 1.636, 0.883, 0.9332 

Ser29 4.540 8.473 3.863 
Cys30 4.502 8.201 3.245, 3.119 

Table 2-8 NMR assignments for peptide NA Tl. 500 MHz, 281 K, 4.4mg/ 490µ1 

90:10 H20:D20, pH 4.2., referenced to DMSO (◊ 2.72 ppm) 
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residue alpha amide side chain 

Tyr1 4.185 3.033, 3.101, 6.806, 7.070 

His2 4.599 8.60 3.06, 3.129 

Lys3 4.144 8.579 1.643, 1.265, 1.592, 2.803, 7.538 

Gln4 4.292 8.607 1.925, 2.03 

Trp5 4.697 8.4664 3.278, 3.207, 7.224, 10.172, 7.595, 
7.105, 7.167, 7.432 

Ser6 4.424 8.217 3.886, 3.797 

Val7 4.345 8.193 2.000, 0.963, 0.914 

Pro8 4.419 2.316, 1.93, 2.087, 1.991, 3.93, 
3.70 

DSer9 4.403 8.7163 3.886, 3.797 

His10 4.78 8.53 3.10, 3.274, 8.53, 7.189 

Thr11 4.282 8.330 4.089, 1.163 
Ue12 4.153 8.423 1.826, 1.469, 1.156, 0.8552, 0.8465 
Ue13 4.145 8.385 1.813, 1.452, 1.162, 0.8606,0.8052 

Glu14 4.312 8.616 2.04, 1.936, 2.29 
Arg15 4.329 8.585 1.868, 1.782, 1.653, 3.187, 7.257 
Gly16 4.01 8.647 

Ser17 4.453 8.438 3.875, 3.928 

Gly18 3.973 8.647 
Cys19 4.997 8.422 2.914, 3.206 
Pro20 4.505 2.305, 1.923, 2.01, 3.825, 3.714 
Thr21 4.129 8.257 4.129 I 1.207 
Val22 4.190 8.310 2.091, 0.926 
Lys23 4.633 8.304 1.840, 1.469, 1.689, 2.985, 7.61 
Pro24 4.339 2.229, 1.904, 1.9968, 2.09,. 3.84, 

3.633 
Gly25 4.168, 3.735 8.703 
Ue26 4.255 7.828 1.961, 1.378, 1.214, 0.904, 0.823 
Lys27 4.344 8.563 1.775, 1.426, 1.672, 2.992, 7.58 
Leu28 4.437 8.421 1.641, 1.606, 1.635, 0.895, 0.937 
Ser29 4.543 8.483 3.861 
Cys30 4.502 8.206 3.245, 3.128 

Table 2-9 NMR assignments for peptide TOX2. 500 MHz, 281 K, 9.9mg/490µ1 

90:10 H20:D20, pH 4.2., referenced to DMSO (o 2.72 ppm) 
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Chapter 3 

Evolution of a metal-independent ~~a motif based on 

the zinc finger domains 
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Introduction 

Most naturally occurring small peptides and protein domains ( <40 

residues) require either disulfide bridges or metal ligation to form a defined 

three-dimensional architecture in aqueous solution. Our approach to protein 

design, introduced in the previous chapter, is to modify these existing natural 

systems and eliminate the need for cross-links, in order to create versatile 

structural templates for the design of catalytic biomolecules. One appealing 

target for this approach is the ppa motif exemplified by the zinc finger domains. I 

These polypeptides form small independent folding units which adopt a well 

defined tertiary structure only in the presence of divalent metal cations; the 

peptides are unstructured in the absence of metal.2' 3 Sequential arrays of these 

domains are present in many DNA binding proteins, and are responsible for 

DNA binding affinity and specificity.I Each domain has the approximate 

sequence given in Figure 3-lA, and binds one zinc atom in a tetrahedral 

geometry.I, 4 Metal binding by zinc fingers is mediated by the conserved metal 

binding cysteine and histidine residues (Figure 3-lA, residues in bold). In 

addition to the metal coordinating residues, three hydrophobic amino acids are 

conserved among zinc finger sequences. These residues (Figure 3-lA, underlined 

residues), form a hydrophobic cluster in the final folded motif and are critical to 

the adoption of a defined three dimensional structure. 
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A 

-(Tyr, Phe) -X-Cys-X2,4-Cys-X3-Phe-Xs-Leu-X2-His-X3 ,4-His-X-

B. 

Figure 3-1 A. The conserved sequence of the zinc finger domains. B. The ~~a 

architecture of a natural zinc finger domain of the protein Zif268.5 The crystal 

structure of a fragment of Zif268 containing three zinc finger domains bound to 

DNA has been solved. The amino acids which form the metal binding site and 

the hydrophobic cluster are shown. 

Several individual zinc finger sequences have been chemically synthesized 

and the solution state structures solved by 1 H nuclear magnetic resonance 

spectroscopy (NMR) in the presence of zinc.61 7 Additionally the crystal 

structures of arrays of zinc finger domains (2-5) co-crystallized with DNA have 

been determined.5, 8, 9 The structure of a zinc finger peptide-metal complex 

consists of a ~~a topology; two beta strands connected by an atypical loop form 

the ~-hairpin which packs against the alpha helix. Interactions between the helix 
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and the sheet are mediated at one end by the metal site and at the other by the 

hydrophobic cluster. The metal binding site is formed from two cysteines at the 

end of the ~-hairpin and two histidine residues from the a-helix, while the 

hydrophobic cluster consists of two aromatic residues (typically phenylalanine 

and tyrosine) in the ~-hairpin and a hydrophobic amino acid (typically leucine) 

from the helix. This architecture is represented schematically for a natural zinc 

finger domain in Figure 3-lB. 

The zinc finger motif has several features which make it an ideal design 

target. Unlike the erabutoxin b fragment presented in the last chapter, zinc 

fingers are small and compact "mini-globular" proteins, which fold 

independently of any other protein structure, requiring only metal ligation. The 

presence of an anti-parellel ~-sheet permits the use of structurally defined ~-turns 

to act as structural nucleation elements and promote ~-hairpin formation in the 

absence of metal. The small size of these domains makes them amenable to solid 

phase peptide synthesis which allows for the incorporation of unnatural amino 

acids to control structure, implement function, or incorporate a chromophore 

which can act as a reporter group during the design process. Metal binding by 

these domains can be used as a sensitive probe of the pre-existing structure. The 

circular dichroism (CD) signature of several zinc fingers has been reported;2, 10-12 

therfore CD can be used as a rapid and sensitive method for probing the effect of 

metal binding on secondary structure in early designs (Figure 3-2). Additionally, 

the limited size and monomeric nature of this motif facilitates detailed structural 

analysis using 2D 1H nuclear magnetic resonance (NMR) experiments. 
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Figure 3-2 The CD spectrum of a natural zinc finger, ADRl, is shown both as the 

free peptide (a) and the complex with Zn2+ (b).10 Reprinted with permission 

from Parraga, G.; Horvath, S.; Eisen, A.; Taylor, W.; Hood, L.; Young, E.; Klevit, 

R.E. "Zinc-Dependent Structure of a Single-Finger Domain of Yeast ADRl," 

Science 1988, 241, 1489-1492. Copyright 1988 American Association for the 

Advancement of Science. 

An initial investigation of this motif as a potential target for the 

development of catalytic metalloprotein models was initiated by Richard Cheng 

in the lmperiali group. In addition to representing a target for the design of 

metalloenzyme mimics, it was envisioned that a metal independent version of this 

motif would form a general structural template for the construction of a variety 

functional polypeptides. Therefore, using an iterative design process in a joint 

project with Richard Cheng, the evolution of the zinc finger motif into a metal 

independent structure was undertaken. 
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Results and Discussion 

The sequential design of three zinc finger based peptides is outlined in 

Figure 3-3. The sequences are based on the consensus zinc finger sequence1 and 

Zif268.5 In this process, each design was structurally analyzed by CD and NMR 

(of the later two designs) and the results obtained from these analyses were used 

to determine the sequence modifications incorporated into subsequent 

generations. 

Figure 3-3 (following page) Design of the first three generations of zinc finger 

peptides. The consensus zinc finger sequence1 and that of Zif268, a DNA 

binding protein consisting of three domains which has been co-crystallized with 

DNA, are shown for comparison.5 (Standard one-letter abbreviations for the 

natural amino acids; Z=Fen) 
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ZFOl: Incorporation of a Reporter Group and a Type II Reverse Turn. 

Design 

The first design incorporated two important modifications into the zinc 

finger sequence; the ~-hairpin and metal binding site were redesigned to include 

a type II ~-turn and an unnatural metal binding amino acid, respectively. In 

natural zinc finger peptides, an atypical loop connects the ~-strands. This loop 

appears to be flexible and poorly defined in the first finger of the crystal structure 

of Zif268,5 as well as the NMR structure of the single zinc finger, Xfin.7 A key 

feature of our design process was to delegate an active role to this part of the 

polypeptide sequence. Conformational studies of proteins and polypeptides 

have indicated that in some instances the ~-turn may serve as a nucleating 

element in the folding process.13-18 Accordingly, several recent computational19-

21 and spectroscopic studies22-24 have focused on establishing the stability of the 

various ~-turn types. In particular, heterochiral type II turns have exhibited an 

inherent stability in theoretical and experimental investigations.19, 22, 23 Thus, in 

the first generation design, ZFOl, the ~-hairpin region was engineered to 

incorporate a heterochiral type II ~-turn forming sequence, Pro-DSer, while 

retaining only the two key conserved hydrophobic aromatic amino acids of the 

natural system at either end of the ~-hairpin. It has been shown that with the 

exception of the metal binding ligands and the three highly conserved 

hydrophobic core residues (Phe1, Phe8, and Le.u14 in our system), alanine 

substitutions are tolerated at nearly every position in the natural zinc finger 

motif. 25 Therefore for the initial design, peptide ZFOl, the central residues of the 

redesigned ~-strands (positions 2 and 7) were alanines. The helix of ZFOl was 

based on the sequence of the Zif268 protein.5 
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0 

Figure 3-4 3-(1,10-phenanthrol-2-yl)-L-alanine or Fen. 

The metal binding site of natural zinc fingers was also targeted for 

modification in the first generation design. For natural zinc fingers, assessment 

of divalent zinc coordination to the imidazole and thiolate ligands is complicated 

by the spectroscopically silent d10 Zn2+ ion.26 Therefore the elucidation of metal 

coordination for these motifs generally relies on observation of the tetrahedral 

coordination of Co2+ to these peptides.2' 27 Metal binding by natural zinc fingers 

is spectroscopically observable because of the d-d transition of the peptide-Co2+ 

complex. Thus, information on Zn2+ binding is only determined indirectly by 

competitive titration of the Co2+ complex with Zn2+ .27 To overcome this 

limitation and enable the facile assessment of metal binding properties for 

peptides generated during the design process, the metal coordination site of the 

natural zinc fingers was modified to include an unnatural bidentate amino acid 

[3-(1,10-phenanthrol-2-yl)-L-alanine (Fen)] (Figure 3-4).28, 29 The metal binding 

affinities and stoichiometries for a variety of divalent metal ions can be 

determined independent of coordination geometry by monitoring the UV 

spectrum of the phenanthroline chromophore. CD studies of the Fen moiety also 

allow the assessment of metal ion induced structural changes. The native 
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Cys2His2 site was therefore converted to a His2Fen site containing exclusively 

nitrogen-based ligands. This modification required the replacement of the two 

Cys ligands within the ~-hairpin of Zif268 with His and Fen respectively. The 

central histidine residue of the a-helix was replaced with alanine (position 17) to 

retain a four coordinate site. The removal of the sulfhydryl-containing amino 

acids also eliminates the need for special handling techniques norm?lly required 

to prevent the oxidation of these residues to the corresponding disulfide.30 

Therefore, the Fen residue acts a reporter group during the design process 

allowing for the facile assessment of metal binding by designed peptides. 

CD Analysis 

ZFOl was analyzed by circular dichroism and UV-Vis spectroscopy. CD 

spectroscopy was used to investigate the metal binding behavior of ZFOl. These 

studies indicated that the structure of ZFOl was metal dependent (Figure 3-5 A). 

Although the CD signature of the peptide in the absence of metal was mainly 

random coil,31 the addition of zn2+ increased the overall secondary structure 

content. The resulting spectroscopic signature of the peptide-Zn2+ complex, 

although considerably weaker, is reminiscent of natural zinc fingers. 10' 11 

Furthermore, metal-binding titrations monitoring the UV signal of the 

phenanthroline chromophore, demonstrated the formation of a 1:1 ZFO1-Zn2+ 

complex (Ko = 0.65 ± 0.60 µM). Concurrent with the increase in secondary 

structure, the addition of Zn2+ also produced a significant CD signal in the near­

UV (250-300 nm) region. This signal was indicative of the formation of a chiral 

metal complex involving the Fen residue (Figure 3-5B). The CD spectrum of 

uncomplexed peptide ZFOl was invariant with pH (4.0-7.0) and peptide 

concentration (14 µM-1.3 mM) demonstrating the absence of aggregation 

behavior. 
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Figure 3-5 CD analysis of ZFOl. A. Far UV CD spectra of ZFOl. The solid line 

represents the peptide in the absence of metal, the dashed line the presence of 

Zn2+. The spectra are plotted in mean residue ellipticity. B. Near UV CD spectra 

of ZFOl ion the presence (solid line) and absence (dashed line) of Zn2+. The 

spectra are normalized to the concentration of Fen chromophore. 
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ZF02: Increasing the Inherent Secondary Structure. 

Design 

Towards the goal of a preorganized metal independent structural motif, 

the second generation design, ZF02, included amino acid substitutions selected 

to increase inherent secondary structure.32 The alanine residues in the p-hairpin 

region (positions 2, and 7) were replaced with the p-branched amino acid 

threonine, which has a higher propensity to adopt an extended or sheet-like 

conformation.32 These positions are located on the solvent-exposed exterior of 

the sheet and threonine also imparts hydrophilicity to this face. In addition, the 

p-branched amino acids in the a-helix were replaced with residues exhibiting 

higher helical propensities (Leu or Ala), and the sequence was lengthened by one 

residue to include a glycine at the end of the helix. This residue is often found at 

the C-terminus of helices and is thought to serve as a helix "stop signal" or helix 

"cap". 33, 34 

CD Analysis 

CD analysis of ZF02 revealed that the secondary structure of ZF02 was 

considerably more preorganized than that of ZFOl, although it was still metal 

dependent. The increased negative ellipticity of this peptide at 222 nm was 

consistent with greater inherent helicity in the absence of metal (Figure 3-6A). 

Nevertheless, addition of metal resulted in spectral changes consistent with the 

formation of a more structured peptide. The formation of a 1:1 complex with 

Zn2+ was confirmed by UV-Vis spectroscopy (Ko= 0.89 ± 0.36 µM). The CD 

signature was not dependent on peptide concentration (15 µM-1.5 mM) or pH 

(4.5-8.1). Appearance of a distinct CD signal in the near-UV range (250-350 nm) 

upon addition of Zn2+ indicated the formation of a chiral complex involving the 

Fen residue similar to peptide ZFOl (Figure 3-6B). 
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Figure 3-6 CD analysis of ZF02. A. Far-UV CD spectra of ZF02. The solid line 

represents the peptide in the absence of metal, the dashed line after the addition 

of Zn2+. The spectra are plotted in the mean residue ellipticity. B. Near-UV CD 

spectrum of ZF02 in the presence (solid line) and absence of (dashed line) Zn2+. 

The spectra are normalized to the concentration of Fen chromophore. 



87 

NMR Analysis 

The CD spectrum of ZF02 strongly resembled those of native zinc fingers, 

therefore the structure of ZF02 was investigated in the presence and the absence 

of metal by NMR techniques. Analysis of the 2D NMR spectra of ZF02 in the 

presence of metal revealed that although spin systems corresponding to residues 

in the helix were visible, most residues in the turn, surrounding Fen6, were not 

observed. This presumably resulted from severe signal broadening due to the 

rapid exchange of Zn2+ with the nitrogen containing ligands, especially the Fen 

residue, of the peptide metal site at the pH required for NMR studies (pH 4.5 -

5.0). In contrast, these spin systems are clearly visible in spectra taken before the 

addition of metal. Figure 3-7 illustrates the differences in the 2D TOCSY spectra 

of ZF02 taken in the presence and the absence of zinc. 

Figure 3-7 (following page) Similar regions TOCSY spectra of the ZF02-Zn2+ 

complex and the uncomplexed peptide are shown. The spectra show crosspeaks 

between the amide and the alpha or beta protons of all amino acid spin systems. 

Resonances for several residues which are visible in the uncomplexed peptide 

but absent from the Zn2+ complex are highlighted. 
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Although the analysis of the structure of the ZF02-Zn+2 complex by NMR 

was not feasible, the CD spectra of ZF02 indicated the presence of considerable 

structure in this peptide before the addition of metal. Therefore, the 

investigation of the structure of the uncomplexed peptide by NMR was initiated. 

These studies revealed that the structure of uncomplexed ZF02 was not 

adequately well defined, which resulted in insufficient dispersity in the NMR 

resonances on a 500 MHz instrument. Thus, a complete sequence specific 

assignment of the peptide was not feasible. The sequential assignment of the 

helical region (11-22) containing four leucines was particularly difficult. 

Sequential daNU, i+1) are usually weak or absent within this element of 

secondary structure,35 and sequential assignment therefore relies on the 

observation of dNN(i, i+1) which should be strong if the residues were in a helical 

conformation. Although several dN N NO Es were observed, there was 

considerable overlap in the amide region of the spectra for these residues, 

complicating definitive assignment of these NOEs to particular residues. 

Assignments based on dNNU, i+1) NOEs within a helix can be verified by the 

observation of daN(i, i+3) NOEs, although observation of such NOEs is more 

critically dependent on the presence of a defined helix.35 These NOEs were very 

weak or absent in the NOESY spectrum of ZF02 which resulted in some 

ambiguity in the sequence specific assignment of these residues. Additionally 

sequential assignments within in the sheet region were difficult due to 

degeneracy in the sequence and partial overlap of the water signal with several 

alpha protons for the aromatic amino acids (Phel, His3, Fen6, Phe8). Despite the 

lack of complete sequential assignment, the chemical shifts for the ring protons of 

the two Phe residues could be determined although not attributable to a specific 

spin system. If the peptide adopted the tertiary structure expected for this motif 

then interaction between the side chain of a leucine residue (Leu14) and both the 
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Phe rings should be observed (due to the formation of the hydrophobic cluster), 

despite the lack of definitive sequential assignment. The absence of such NOEs 

indicated that this peptide did not have the desired tertiary structure. 

ZF03: Incorporation of a type II' turn 

Design 

While the results of the CD studies for the second generation design were 

encouraging, it was evident from the CD and the NMR analysis that the ZF02 

did not have the desired tertiary structure in the absence of metal. In order to 

address this issue, the third design examined the p-hairpin region. Specifically 

the incorporation of a type II' p-turn was investigated. Studies of the protein 

database36 have found that tight p-hairpins primarily involve type I' or type II' p­

turns, despite a general prevalence of type I and type II p-turns in protein 

structures.37 In other words, type I' and type II' turns more frequently lead 

directly into the hydrogen bonding pattern associated with p-sheets than other 

turn types. To further investigate the difference between type II and type II' 

turns with respect to the geometry of the resulting sheet, molecular modeling 

studies were performed with ideal turn and sheet dihedral angles. The analysis 

revealed that the overall topologies of the turns are similar. However, the more 

common type II turn affords planar but divergent strands, while the type II' turn 

leads to convergent p-strands (Figure 3-8). Thus, a type II' turn might be more 

effective in promoting p-hairpin formation within the ppa motif. Therefore, the 

third generation design ZF03 incorporated a type II' reverse turn. 

The (<!>, \j/) dihedral angles associated with the central two residues of the 

type II' p-turn [(60°, -120°), (-80°, 0°)] are the inverse of those defining type II p­

turn formation [(-60°, 120°), (80°, 0°)].36 This fact leads to the opposite chirality 

preference for the type II' p-turn relative to the type II p-turn. Specifically, the 
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LPro4-oSer5 sequence present in the first and second generation designs was 

replaced with DPro4-LSer5 for ZF03. 

Type II Type II' 

Figure 3-8 Results of modeling studies illustrating the differing effects of type II 

(on the left) and type II' (on the right) turns on ~-sheet formation. 

CD Analysis 

The CD spectrum of uncomplexed ZF03 exhibited a signature similar to 

that seen for peptide ZF02, however, in this case the spectrum changed very 

little upon addition of Zn2+, indicating that the secondary structure for ZF03 

was not metal dependent (Figure 3-9A). As with previous designs, the CD 

spectrum in the absence of metal was invariant with changes in pH (pH 4.5-8.0) 

and peptide concentration (14 µM-1.4 mM) . UV studies conducted in parallel 

confirmed metal binding by the Fen residue (Ko= 0.99 ± 0.73 µM). However, 

examination of the Zn2+ induced changes in the near-UV CD spectrum suggested 

that the structural changes encountered by the phenanthroline chromophore as a 
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result of metal binding were less dramatic than those observed for peptides 

ZFOl and ZF02. 
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Figure 3-9 CD analysis of ZF03. A. Far-UV CD spectra of ZF03. The solid line 

represents the peptide in the absence of metal, the dashed line the presence of 

Zn2+. The spectra are plotted in mean residue ellipticity. B. Near-UV CD 

spectrum of ZF03 in the presence (solid line) and absence (dashed line) of Zn2+. 

The spectra are normalized to the concentration of Fen chromophore. 
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Figure 3-10 Region of the TOCSY spectrum of ZFO3, illustrating the two 

alternative conformations observed for this peptide for the residue oPro4. The 

assignment of cis and trans Pro4 amide isomers were obtained from the analysis 

of model peptides. 
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NMR Analysis 

Based on the CD results, ZF03 was further analyzed by 2D NMR 

spectroscopy in the absence of metal cations. Observation of more than 30 spin 

systems, rather than the 23 expected for this peptide suggested the presence of 

slowly interconverting conformers. The purity and identity of the peptide was 

verified by mass spectrometry, HPLC and capillary zone electrophoresis (CZE) 

analysis. The presence of more than the expected number of spin systems 

therefore suggested that the peptide existed as an equilibrium mixture of slowly 

interconverting conformers. The additional spin systems greatly complicated the 

spectral analysis, and precluded complete sequence specific assignment and 

conformational analysis. Partial assignment indicated the possible identities of 

the conformers. The dual spin systems that exhibited vastly different chemical 

shifts were observed for residues in the ~-hairpin region containing DPro4 (Figure 

3-10). In contrast, residues in the helical region (Leul4_Gly23) exhibited dual spin 

systems with essentially overlapping chemical shifts. These results suggested 

that the two conformers were the cis-trans isomers of the amide bond between 

His3 and DPro4. While this peptide exhibited a CD spectrum that changed very 

little upon metal addition, the more detailed analysis afforded by NMR 

spectroscopy revealed the presence of approximately a 40 / 60 ratio of slowly 

interconverting conformers. 

This unexpected result highlights the importance of complementary CD 

and NMR studies in the analysis of designed polypeptides. CD analysis is a very 

sensitive and rapid technique for the investigation of the secondary structural 

content of peptides or proteins, but it is restricted to the observation of bulk 

effects and provides no detailed structural information, i.e. no data on the 

conformation of particular residues. Many protein design efforts to date have 

relied solely on circular dichroism for the assessment of structure within the 
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designed construct, probably due in part to limitations that the size and 

aggregation state of many designs place on NMR analysis. Such an approach is 

restrictive, in that very little specific data can be obtained to direct future design 

efforts. In the example presented here, analysis of solely the CD data would 

have resulted in a false sense of success and presented no avenues for future 

investigation. Based on the NMR analysis of ZF03, the conformation of the~­

hairpin region of the motif was investigated through the used of model peptides. 

Use of Model Peptides to Examine the cis-trans Isomerization of DPro in Type 

II' Turns 

In order to examine the isomerism of DPro4 of ZF03 in greater detail, the 

peptide Ac-Thr-His-DPro-Ser-Fen-Thr-NH2 (HFl) corresponding to the turn 

region of ZF03 was synthesized. The lD NMR spectra was considerably more 

complicated than expected for a simple hexapeptide, reminiscent of the larger 

peptide construct, ZF03. This is illustrated in Figure 3-11 which depicts the 

downfield region of the lD spectra. Spin system assignment by total correlation 

spectroscopy (TOCSY) demonstrated that HFl was present as an equilibrium 

mixture of two conformers. Analysis by rotating frame nuclear Overhauser 

spectroscopy (ROESY) enabled the spectroscopic assignment of the two 

conformers. Observation of daa(His3, DPro4) and da&(His3, DPro4) NOE 

confirmed the identity of the cis (~40%) and trans (~60%) Pro4 amide isomers 

respectively (Figure 3-12). 
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Figure 3-11 The amide region (8 6.0-9.4 ppm) of the 1D 1H spectra of HFl, 
indicating the resonances arising form the cis and the trans proline amide 

isomers. The amide peak of each residues is labeled by the one letter code 

indicating the amino acid with the residue number in the upper right and the 

Pro4 amide isomer (c=cis, t=trans) in the lower right. The peaks arising from the 

ring protons of the histidine or phenanthroline rings are not labeled except for 

the E proton of His2 ring of the cis amide isomer, due to its extreme upfield shift. 
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Figure 3-12 NMR identification of the cis and trans proline amide isomers of 

HFl. A. Schematic representaton of the cis and trans proline amide isomer of 

HFl, illustrating the NOEs indicative of the proline amide geometry. B. A 

section of the ROESY spectra of HFl. The NOEs described in A are highlighted. 
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Figure 3-13 Expected NOE interaction in a heterochiral type II' reverse turn.: 1, 

da,N(Pro, Ser); 2, daN(Ser, Fen); 3 and 3', da,0(Xaa, Pro); 4, dNN(Ser, Fen); 5, 
dp0(Xaa, Pro). The (i)-(i+1) amide is shown in the trans conformation. 

The sequence of HFl was designed to adopt a type II' turn (in the trans 

conformation) within the ppa motif. The 2D NMR spectra of HFl were therefore 

examined to determine the conformation of the trans isomer in solution. The 

results of this analysis are summarized in Table 3-1. The spectroscopic signature 

of type II' turn formation includes the NOEs35 illustrated in Figure 3-13 and a 

low VT coefficient (-L\8/ L\T < 6 ppb/K) for the (i+3) amide proton. In particular, 

NOE #4 [dNN (Ser, Fen)] would be expected in the desired conformation. All of 

the NOEs indicated in Figure 3-13 were observed for HFl. Additionally variable 

temperature analysis of the amide proton chemical shifts by lD 1H NMR 

revealed that the Fen amide was protected in the trans praline amide isomer. 

Thus, a significant population of the trans amide isomer adopted a type II' tum­

like conformation in aqueous solution. With the modeling results presented 
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earlier, these NMR data indicate the potential utility of the type II' turn, to 

promote ~-hairpin formation within the motif. In order to exploit the type II' turn 

in the design, the control of the isomerization of the DPro residue to favor the 

trans geometry is essential. 

-~8 I~ T (ppb /K) 

Peptide sequence NOEsa Thrl His Ser Fen Thr6 

Ac-Thr-His-DPro-Ser-Fen-Thr-NH2 1, 2, 3, 4, 5 nd 6.0 nd 3.52 nd 

Table 3-1 Conformational analysis of the trans isomer of HFl. aNOEs present in 

ROESY experiment for the trans conformation. NOE identities are as presented 

in Figure 3-8. The amide proton temperature coefficients for Thr1, Thr6, and Ser4 

could not be determined due to overlap in the 1D 1H NMR spectra. 

In order to manipulate the cis-trans praline amide isomer ratio, a series of 

tetrapeptides was prepared in which the residue immediately preceding DPro 

was varied. Since the nature of this residue has been shown to influence the 

praline amide geometry,38, 39 peptides containing the sequence DPro-LSer, 

positions (i+1) and (i+2) respectively, and various amino acids (Thr, Val, and Ala) 

at position (i) were synthesized and analyzed. The peptides studied are listed in 

Table 3-2. These sequences were chosen to probe the influence of a ~-branched 

amino acid (VFl vs. AFl) and the affect of a more functionalized hydroxy amino 

acid (VFl vs. TFl) at position (i). Since these peptides served as prototypes for 

the next generation design, all the peptides included the Fen residue at position 

(i+3). 
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All three peptides were analyzed by lD and 2D 1H NMR. The cis amide 

bond between residue (i) and Pro (i+l) results in a large upfield shift in the 

resonances for protons associated with residue (i). The cis-trans isomer ratio 

could therefore be quantified by integration of the lD NMR signals of the side 

chain methyl protons of residue (i). This is illustrated in Figure 3-14 for peptide 

VFl . The trans amide isomer dominated by greater than 90% for all sequences 

investigated. 

VF1: Ac-V-c:P-S-Fen-NH 2 

280K, pH 4.46, 500MHz Bruker AMX 

0.8 0.4 0.0 

ppm 

Figure 3-14 Upfield region of the lD 1H NMR spectrum of VFl, illustrating the 

resonances of the methyl proton of Vall. Integration of these peaks for the cis 

and trans praline amide isomer yielded the isomer ratio (18:1 or 5.5% cis) 
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The peptides were further examined by ROESY and amide proton variable 

temperature (VT) NMR analyses to determine the propensity of each sequence to 

adopt a type II' turn conformation in solution. The results of these studies are 

summarized in Table 3-2. As expected for turn conformation, the amide 

temperature coefficient for Fen at position (i+3) in each peptide was very low (­

D..8/ D.T < 5.0 ppb/K). While NOEs #1-3 and #5 were observed for all peptides, 

VFl also exhibited NOE #4 which is particularly indicative of a turn-like 

conformation in small peptides (Figure 3-13).23, 24 In the series of tetrapeptides 

studied, peptide VFl exhibited the lowest Fen amide temperature coefficient, as 

well as the most NOEs characteristic of turn formation. Therefore, this sequence 

was chosen as the basis for the fourth generation design described in the next 

chapter. 

-D.8 ID. T (ppb /K) 

Peptide % trans NOEsa Xaa Ser Fen 

VFl: Ac-Val-DPro-Ser-Fen-NH2 94% 1, 2, 3, 4, 5 9.36 8.03 3.52 

TFl: Ac-Thr-DPro-Ser-Fen-NH2 94% 1, 2, 3, 5 8.18 9.51 3.59 

AFl: Ac-Ala-DPro-Ser-Fen-NH2 92% 1, 2, 3, 5 9.10 8.83 4.53 

Table 3-2 Conformational analysis of model type II' tetrapeptides. a NOEs 

present in ROESY experiment for the trans amide conformation of DPro2. 

NOE identities are as presented in Figure 3-8. 

Conclusions 

The design efforts described in this chapter focused on the evolution of the 

~~a structure of the zinc finger domains into a metal independent motif. The 

inclusion of an unnatural metal binding amino acid, Fen,29 into designed 
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peptides allowed for the rapid and facile determination of metal binding 

affinities, stoichiometries, and the effects of metal binding on structure. Type II 

and type II' ~-turns were used as structural nucleation elements within the 

synthetic "zinc finger" motif. Considerable previous work in the Imperiali group 

established the stability of type II ~-turns in small peptides, 23 therefore the first 

two designs, ZFOl and ZF02, included this turn type. Additionally, simple 

rules for the propensity of certain amino acids for elements of secondary 

structure32 were successfully used to create a more preorganized ~~a motif in the 

second generation design. Despite the presence of considerable preorganized 

secondary structure within this design, NMR and CD analysis indicated that 

tertiary structure of ZF02 was still lacking in the absence of metal. 

Based on analysis of ~-turns the protein database,37 modeling studies were 

performed to compare the effects of type II and type II' ~-turns on sheet 

geometry. These studies suggested the potential utility of the type II' turn for 

promoting ~-hairpin formation. The third generation design, ZF03, therefore 

included a type II' turn. While CD analysis indicated the presence of secondary 

structure that was metal independent, NMR analysis revealed that this peptide 

existed as a mixture of slowly interconverting conformers. The identity of the 

two conformers was confirmed by the NMR analysis of a short hexapeptide 

encompassing the turn region of the sequence to be the cis and trans isomers of 

praline. A series of tetrapeptides was synthesized to probe the effect of the 

residue preceding praline on the isomer ratio. The specific sequences changes 

required to both increase the trans praline amide isomer ratio and promote the 

adoption of a turn like structure in solution were determined from the NMR 

analyses of these peptides. The optimal sequence determined by these efforts, 

-Val-DPro-Ser-Fen-, will therefore form the basis of future design efforts 

described in the following chapter. 
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The results of the analysis of ZF03 demonstrates the importance of using 

both NMR and CD techniques in the analysis of protein structure, especially for 

designed constructs. Although CD is a rapid sensitive technique for the 

estimation of the macroscopic structural content of peptides and proteins, 

requiring very little material and permitting structural investigations under a 

variety of conditions, it yields no detailed information and conclusions based 

solely on CD data can be misleading. On the other hand, NMR requires 

considerably more material and effort, but can yield the detailed information 

needed to guide further design efforts. Both types of experiments were used 

successfully in the work presented here in an iterative protein design process. 

The continuation of this effort is described in the next chapter. 
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Experimental 

Peptide Synthesis 

The peptides were synthesized by solid phase methods using Na._9_ 

fluorenylmethyloxycarbonyl (Fmoc) amino acid pentafluorophenyl esters on a 

Milligen 9050 automated peptide synthesizer. Commercially available starting 

materials and reagents were purchased from Milligen Biosearch, EM Science, and 

Aldrich Chemical Company. Fmoc-PAL-PEG-PS resin (substitution 0.17 - 0.21 

mmol/ g) was used to afford C-terminal primary amides. The Fen residue was 

coupled off-line with three equivalents of Fmoc-Fen-OH (Na­

fluorenylcarboxymethyl-3-(1,10-phenanthrol-2-yl)-L-alanine) amino acid28 and 

four equivalents of 1-hydroxy-7-azabenzotriazole (HOAT) and O-(7-

azabenzotriazol-1-y 1)-1, 1,3 ,3 ,-tetramethy luronium hexafluorophospha te 

(HATU)40 and 8 equiv of diisopropylethylamine in N-methylpyrrolidinone for 

2.5 hours. Peptides were N-acylated on the resin using 7 equivalents of acetic 

anhydride and 7 equivalents of triethylamine in 3 mL of DMF for 2 hours. 

The peptides were deprotected and cleaved from the resin by treatment with 

Reagent K (trifluoroacetic acid/phenol/H2O/thioanisole/ethanedithiol, 

82.5:5:5:5:2.5)41 for 2 hours. Trituration with 1:1 ether/hexane afforded the crude 

peptide. The peptides were purified by reverse-phase HPLC on a C1s 

semipreparative column. Peptide purity confirmed by analytical HPLC and/ or 

capillary zone electrophoresis (CZE). Identity of all peptides was confirmed by 

MALDI or plasma desorption mass spectroscopy (PDMS). Peptide ZFOl MH+ 

calcd 2635.9, obsd 2635.9 (PDMS). Peptide ZF02 MH+ calcd 2775.2, obsd 2775.7 

(PDMS). Peptide ZF03 MH+ calcd 2775.2, obsd 2775.7 (MALDI). Peptide VFl 

MH+ calcd 592.67 obsd 592.29 (FAB). Peptide TFl cacd 594.64 obsd 594.27 (FAB). 

Peptide AFl calcd 564.62, obsd 564.26 (F AB). 
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Absorption Spectroscopy (UV-Vis) Studies 

Absorption spectra were obtained on a Shimadzu UV-110 

spectrophotometer using 1.0 cm path length quartz cuvettes. The concentrations 

of the peptide solutions were determined spectrophotometrically using the 

characteristic absorption band of the phenanthrolyl moiety (Amax = 268 nm, 

£max= 20,890 M-1cm-1). The extinction coefficient of the Fen amino acid at 268 

nm was calculated from UV spectra of a Fen containing peptide. The 

concentration of which was determined by quantitative amino acid analysis. 

Aqueous solutions of known peptide concentrations (1-20 µM) were titrated with 

standardized metal cation solutions at room temperature in 0.05 M HEPES buffer 

at pH 8.25. The distinct red-shift of the phenanthrolyl 7t-7t* transition upon metal 

chelation was monitored. The dissociation constants were determined the 

calculations outlined below. Data analysis was performed using KaleidaGraph 

version 3.0 (Abelbeck Software) . A minimum of three titrations were performed 

for each peptide-metal cation complex. Binding isotherms were assumed to 

follow two-state equilibria; well defined isosbestic points were observed in all 

cases. The dissociation constants (Ko) were obtained using an iterative process 

based on the Scott equation 42: 

Where b 

b· [M] 

11A 

[M] 

11A 

[Peplt 

= 
[M] 

[Peplt · 11£ 
+ 

[Peplt • 11£ 
(1) 

= cell path length 

= free metal cation concentration 

= change in absorbance due to complex 

formation 

= total peptide in solution 
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= change in molar absorptivity due to 

complex formation 

The dissociation constants (Ko) were calculated from plots of [M] vs 

[M] / 11A by the following equation: 

y - intercept 
Ko= 

slope 
(2) 

Initially, data was considered only at high [Mltotal so that the approximation 

[Mltota1:::::[M] could be used. The resultant values of Ko and 11£ obtained by least 

squared analysis were fitted to absorbances using equation 1 to obtain better 

estimates of [M] . This was repeated in an iterative manner until the values of KD 

and 11£ converged. 

Circular Dichroism Spectroscopy Studies 

Circular dichroism spectra were recorded on a Jasco J600 Circular 

Dichroism Spectrometer. The concentration of the peptide solutions was 

determined spectrophotometrically using the characteristic absorption band of 

the phenanthrolyl moiety. The spectra were processed using the Jasco J600 

System Software, and subsequently analyzed using KaleidaGraph (Abelback 

Software). Metal cation titrations were performed with peptide concentrations 

ranging from 13 µM to 170 µM in 0.01 M TRIS buffer (pH 8.25) in either a 1.0 cm 

or a 0.1 cm path-length quartz cell. Aggregation properties were investigated 

with peptide concentrations ranging from 10 µM to 2.6 mM at pH 4.5 in cuvettes 

of appropriate path-length. 
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Modeling Studies 

Modeling studies were performed using the Biopolymer module of Insight 

II (Biosym Technologies, CA). Anti-parallel p-strands were generated by using 

the dihedral angles <I> = -139°, \JI = 135°. A p-hairpin connecting these strands was 

created by adjusting the dihedrals of the central two turn resdiues: type II (<1>1 = 

-60° I \Jll = 120° I <1>2 = S0° I \Jl2 = 0°) I type II' ( <1>1 = 60°, \Jll = -120°, <1>2 = -S0° I \Jl2 = 0°). 

NMR Studies 

ZF02 

Two-dimensional NMR experiments (TOCSY,43, 44 DQFCOSY, 

45ROESY, 46 and NOESY47) for the peptide in the absence of metal were 

performed in 90:10 H2O:D2O, pH 4.5 on a 500 MHz Bruker AMX spectrometer. 

Zn2+ (1. 1 equivalents of ZnCl2) was added to the same NMR sample. 2D NMR 

experiments in the presence of zinc were performed on both 500 MHz Bruker 

AMX and 600 MHz Varian Unity Plus spectrometers. Spin systems for both 

systems (with and without Zn2+) were assigned where possible using total 

correlation spectroscopy (TOCSY),35, 43, 44 magnitude mode correlation 

spectroscopy (mmCOSY), and nuclear Overhauser spectroscopy47 (NOESY, 

200ms mixing time). Supression of the water signal was accomplished by 

presaturation during the relaxation delay (1.3 s, Bruker; 1.5 s, Varian). Processing 

and analysis of the spectra were done using Felix 2.3 software (Biosym 

Technologies, CA). 

Assignment of the NMR of the ZF02-Zn2+ was complicated by the 

presence of zinc. While many of the spin systems for residues in the helix 

(alanine, lysine, and leucine) were assignable, spin systems in the turn region 

(Pro4, DSer,5 Fen6) were not observed. Therefore the peptide could not be 

completely assigned. The absence of resonances arising from these residues is 
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presumably due to the broadening of the signals that would result from the rapid 

exchange of the metal into the metal site. In contrast, these spin systems (Pro4, 

DSer5, Fen6) were clearly observable in the spectra taken before metal addition. 

Unfortunately, complete sequence specific assignment of the metal free peptide 

was not possible due both to the degeneracy in the sequence, and the lack of 

sufficient spectral dispersity in the amide and alpha regions of the 500MHz 

spectra. The partial assignment is given in Table 3-3. The spin systems resulting 

from the aromatic (Phel, His3, Phe8, and His21) residues and Asp12 could not be 

definitively assigned to a particular residue type or sequence number, and are 

therefore listed under the residue heading of Xaa. The resonance of the ring 

protons of the Phe residues could not be assigned to a particular spin system and 

are listed at the end of the table. 

ZF03 

Two-dimensional NMR experiments for ZF03 were performed in the 

absence of metal on either a 600 MHz Varian Unity Plus (NOESY)45 or a 500 

MHz Bruker AMX (TOCSY43, mmCOSY, and ROESY46) spectrometer, in 90:10 

H2O:D2O, pH 4.5. Spin systems assignments were accomplished using TOCSY, 

mmCOSY, and NOESY (200 ms mixing time)35 experiments. Supression of the 

water signal was accomplished by presaturation during the relaxation delay (1.3 

s, Bruker; 1.5 s, Varian). Processing and analysis of the spectra were done using 

Felix 2.3 software (Biosym Technologies, CA). 
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Residue alpha amide side chain 

Glu13 4.077 8.164 2.086, 2.346 

Fen6 5.266 8.665 3.605 
Thr 4.229 8.146 4.088, 1.063 
Thr 4.241 8.366 4.033, 1.062 
Pro4 4.454 1.919, 2.277, 2.00, 3.750, 3.511 

DSerS 4.466 8.937 3.884, 3.816 
Ser 4.363 8.375 3.763, 3.825 
Ser 4.374 8.566 3.935, 3.877 
Arg 4.199 7.848 1.627, 1.87, 1.726, 3.209, 7.300 
Arg 4.178 8.032 1.763. 1.597, 3.126, 7.338 
Lys16 4.013 7.855 1.893, 1.555, 1.665, 2.925, 7.65 
Leu 4.132 7.87 1.822, 1.711, 1.613, 0.863 
Leu 4.128 8.159 1.688, 1.568 
Leu 4.212 7.954 1.689, 1.605, 1.502, 0.902, 0.839 
Leu 4.171 8.077 1.764, 1.575, 1.669, 
Ala 4.106 8.018 1.470 
Ala 4.328 8.287 1.429 
Gly23 3.92 8.469 
Phe 4.314 8.214 2.764, 2.670 
Xaa nda 8.479 2.899, 2.938 
Xaa 4.504 8.278 2.96, 2.81 
Xaa 4.677 8.275 3.20, 3.345 
Xaa 4.49 8.333 2.65 
Phe rings 7.19, 7.0277, 7.025 
Phe rings 7.09, 7.19 

Table 3-3 Partial assignment of ZF02. Most spin systems could not be assigned 

sequence numbers. a The alpha proton of this spin system was obscured by the 

water resonance. 
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Residue alpha amide side chain 

Asp 4.49 8.31 2.757 
Asp 4.51 8.335 2.667 
Fen 5.29 8.750 3.632, 3.533, 7.720 
Fen 5.171 8.600 3.51, 3.38, 7.639 
Thr 4.122 8.101 3.944, 1.015 
Thr 4.34 8.418 4.032, 1.06 
Thr 4.294 8.607 4.087, 1.122 
Thr 4.35 8.223 4.088, 1.108 
Pro 4.377 1.753, 1.853, 3.624, 3.503 
Pro 4.688 1.810, 1.905, 2.103, 1.786, 3.552, 3.436 
Ser 4.388 8.456 3.86, 3.78 
Ser 4.410 8.393 3.827, 3.767 
Ser 4.237 8.456 3.845, 3.90 
Ser 4.259 8.498 3.858, 3.91 
Ser 4.483 8.598 3.955, 3.853 
Ser 4.499 8.807 3.963, 3.896 
Arg 4.203 7.843 1.625, 1.883, 1.723, 3.209, 7.305 
Arg 4.249 nd 1.701, 1.845, 1.937, 3.266, 7.414 
Arg 4.212 nd 1.617, 1.759, 1.884, 3.125, 7.374 
Lys16 4.011 7.854 1.892, 1.552, 1.659, 1.364, 2.916 
Leu 4.129 7.877 1.822, 1.716, 1.613, 0.86 
Leu 4.144 8.160 1.688, 1.716, 1.568, 
Leu 4.171 8.044 1.764, 1.591, 0.858, 0.896 
Leu 4.213 7.97 1.689, 1.502, 1.605, 0.902, 0.842 
Ala 4.100 8.015 1.48 
Ala 4.322 nd 1.34 
Gly 3.92 8.47 
Glu 4.075 8.179 2.341, 2.095 
Xaa 4.23 8.50 2.066, 2.456 
Xaa 4.884 8.583 3.084, 3.218, 7.077 
Xaa 4.63 8.396 3.008, 3.129 
Xaa 4.670 8.280 3.343, 3.202, 7.303 
Xaa 4.337 8.287 2.599, 2.674 
Xaa 4.474 8.173 2.693, 2.800, 6.847 
Xaa 4.462 nd 2.886, 2.808, 7.118 

Table 3-4 Partial assignment of the spin systems ZF03 (both conformations). 

Xaa indicates an aromatic amino acid, glutamic acid or aspartic acid. Most spin 

systems could not be assigned sequence numbers, and assignments are not 

complete. nd = Not determinable due to overlap. 
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Two-dimensional NMR spectroscopy of HFl, VFl, AFl, and TFl were 

performed on a Bruker Instruments AMX 500MHz spectrometer (VFl, AFl, or 

TFl) or a Varian Unity Plus 600 MHz spectrometer (HFl). Complete sequence 

specific assignments were accomplished using total correlation spectroscopy 

(TOCSY)43 and rotating-frame nuclear Overhauser effect spectroscopy 

(ROESY). 46 The temperature dependence of amide proton shifts were 

determined between 7 cc and 37 cc, in 5 cc increments. In all cases the chemical 

shifts varied linearly with temperature. 

HF1 

Complete sequence specific assignments were possible for both the cis and 

trans Pro3 amide isomers of HFl and are listed in Table 3-5. The NMR spectra 

were further analyzed to determine the conformation of the trans amide isomer, 

and a list of NOEs observed in the ROESY spectrum (Varian 600 MHz Unity 

Plus) relevant to the assessment of conformation are listed in Table 3-6. The 

entire 1H 1D spectrum for HFl is shown in Figure 3-15. 

Figure 3-15 (following page) 1D 1H NMR spectrum of HFl. 
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Residue a proton amide proton others 

trans isomer: 

Ac 2.02 

Thr1 4.21 8.18 ~ 4.08; y 1.09 

His2 4.89 8.67 ~ 3.18, 3.06; ring 8.53, 7.22 

Pro3 4.33 ~ 2.10; y 1.80, 1.65; o 3.60, 

3.49 

Ser4 4.43 8.26 ~ 3.81; 3.76 

Fens 5.22 8.78 ~ 3.67; 3.59; ring 7.78, 

8.02, 8.86, 8.42, 8.06, 8.86 

Thr6 4.24 8.25 ~4.11; yl.09 

NH2 6.85, 7.40 

cis isomer: 

Ac 2.05 

Thr1 3.97 8.034 ~ 3.88; 0.98 

His2 4.17 8.32 ~ 2.24; ring 6.46, 8.32 

Pro3 4.64 ~/y2.29, 2.04, 1.86, 1.75; o 
3.47, 3.40 

Ser4 4.45 8.62 ~ 3.88, 3.93 

Fens nd 9.33 ~ 3.63, 3.35; 8.33, 8.59, 

8.93, 7.89, 7.87, 7.68 
Thr6 4.36 8.60 ~ 4.26, y 1.21 
NH2 7.18, 7.73 

Table 3-5 NMR assignment of the cis and trans Pro3 amide isomers of HFl. 

Spectra acquired on 600MHz Varian Unity Plus (13.8 mM in 700 µl 90:10 

H2O:D2O, pH 4.5, 280K) spectrometer and referenced to DMSO in water; 2.72 

ppm. 
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Residue Residue relative intensity 

Ser4 a Fen5 NH strong 

Thr1 a His3NH strong 

Thr1 ~ His3NH medium 

Fen5 a Thr6 NH strong 

Pro3 a Ser4 NH strong 

Ac cap CH3 Thr1 NH medium 
His2NH Thrl NH weak 

Ser4 NH Fen5NH weak 

His2 a Pro3 8 mediuma 

His2 a Pro3 o' mediuma 

Table 3-6 Significant NOEs observed in the ROESY spectrum for the trans Pro3 

amide isomer of peptide HFl (does not include intra-residue NOEs). a 

Assignment of relative intensity of this peak was complicated by proximity of the 

water signal. 

VF1, AF1, TF1 

Complete sequence specific assignments were possible for the trans Pro2 

amide isomers and partial assignment for the cis isomers and are listed in Tables 

3-7, 3-9, and 3-11. The NMR spectra were further analyzed to determine the 

conformations of the trans amide isomers, and lists of NOEs observed in the 

ROESY spectra (Bruker 500 MHz) relevant to the assessment of the 

conformations of these peptides are listed in Tables 3-8, 3-10, and 3-12. The one­

dimensional spectra of the peptides are shown in Figures 3-16, 3-17, 3-18. 
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Residue a proton amide proton side chain 
trans isomer: 
Ac 2.ooa 
Val1 4.31 8.37 ~ 2.05; y 1.00 
Pro2 4.34 ~/y 2.105 1.815, 1.636; 8 

3.685,3.794, 
Ser3 4.30 8.28 ~ 3.68; 3.74 
Fen4 5.13 8.57 ~ 3.71, 3.54 
NH2 7.416, 6.859 
cis isomer: 
Ac 2.ooa 
Vall 3.72 8.127 ~ 1.559; y 0.423, 0.069 
Pro2 4.81 ~/y2.147, 1.66, 1.89; 8 3.32 
Ser3 4.45 8.50 ~ 3.380 
Fen4 4.97 9.045 ~ 3.39, 3.64 
NH2 

Table 3-7 NMR assignment of the cis and trans Pro2 amide isomers ofVFl. 

Spectra acquired on 500 MHz Bruker AMX spectrometer (507 µ190:10 H2O:D2O, 

pH 4.46, 280K) and areferenced to the acetyl cap at 2.00 ppm. 

Residue Residue relative intensity 

Ser3 a Fen4 NH strong 

Pro2 a Ser3 NH strong 

Ac cap CH3 Val1 NH strong 

Ser3 NH Fen4 NH weak 

Val1 a Pro2 8 strong 

Vall a Pro2 8' medium 

Val1 y Pro2 8 weak 

Table 3-8 Significant NOEs observed in the ROESY spectrum for the trans Pro2 

amide isomer of peptide VFl (does not include intra-residue NOEs). 

Figure 3-16 (following page) lD 1H NMR spectrum of VFl. 
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Residue a proton amide proton side chain 

trans isomer: 
Ac 1.98 
Thr1 4.49 8.31 p 4.08; y 1.179 

Pro2 4.27 p/y2.091, 1.80, 1.63; 8 
3.627, 3.713 

Ser3 4.27 8.39 p 3.62; 3.67 

Fen4 5.09 8.52 p 3.54, 3.54 
NH2 
cis isomer: 
Thr1 3.907 p 3.42, y0.566 

Pro2 4.67 p1y 1.891, 1.504, 1.74 

Ser3 4.35 8.46 p 3.79, 3.64 

Fen4 nda 8.95 p 3.64, 3.62 

Table 3-9 NMR assignment of the cis and trans Pro2 amide isomers ofTFl. 
Spectra acquired on 500 MHz Bruker AMX spectrometer (484 µ190:10 H2O:D2O, 

pH 4.50, 280K) and referenced to DMSO at 2.72 ppm. a The alpha resonance for 

this residue is obscured by the water signal. 

Residue Residue relative intensity 

Ser3 a Fen4 NH strong 

Pro2 a Ser3 NH strong 

Ac cap CH3 Thr1 NH weak 

Thr1 a Pro 8 strong 

Thr1 p Pro 8' strong 

Thr1 y Pro 8' weak 

Table 3-10 Significant NOEs observed in the ROESY spectrum for the trans Pro2 

amide isomer of peptide TFl (does not include intra-residue NOEs). 

Figure 3-17 (following page) 1D lH NMR spectrum of TFl. 
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Residue a proton amide proton side chain 
trans isomer: 
Ac 1.914 
Ala1 4.45 8.44 p 1.26 

Pro2 4.23 p,y 2.035, 1.55, 1.77, 1.74; 
o 3.39 ,3.54, 

Ser3 4.25 8.22 p 3.68; 3.62 
Fen4 5.10 8.55 p 3.70, 3.52 
NH2 7.25, 6.84 
cis isomer: 
Ala1 3.64 7.97 p 0.352 
Pro2 4.57 p,y 2.137, 1.50, 1.71, 1.70; 

83.18,3.29 
Ser3 4.33 8.52 p3.75 
Fen4 8.99 p 3.382, 3.642 

Table 3-11 NMR assignment of the cis and trans Pro2 amide isomers of AFl. 

Spectra acquired on 500 MHz Bruker AMX spectrometer (478 µ190:10 H2O:D2O, 

pH 4.46, 280K) and referenced to the DMSO at 2.72 ppm. 

Residue Residue relative intensity 

Ser3 a Fen4 NH medium 

Pro2 a Ser3 NH strong 

Ac cap CH3 Thr1 NH medium 

Ala1 a Proo strong 
Ala1 p Proo' strong 

Table 3-12 Significant NOEs observed in the ROESY spectrum for the trans Pro2 

amide isomer of peptide AFl (does not include intra-residue NOEs). 

Figure 3-18 (following page) lD 1H NMR spectrum of AFl. 
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Chapter 4 

BBAl: Structural analysis of an independently 

folded ppa motif 
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Introduction 

The protein biopolymer represents nature's most diverse biomolecule. 

Proteins span an incredible range of sizes and shapes:1 From proteins such as 

viral coat proteins or large enzyme complexes which reach fantastic sizes 

comprising thousands of amino acids, to the smallest enzymes consisting of a 

mere hundred or less residues.1' 2 The smallest size necessary for independently 

folded tertiary structure within a natural protein or protein domain is generally 

considered to be on the order of 70-100 amino acids.1' 2 Exceptions to this limit 

are found in a variety of proteins or protein domains including peptidyl toxins 

such as charybdotoxin (37 amino acids),3 protease inhibitors such as BPTI (basic 

pancreatic trypsin inhibitor, 56 amino acids), or transcription factor domains 

such as the zinc finger peptides (25-30 amino acids).4 These proteins or peptides 

are able to circumvent the apparent size limitation through the utilization of 

extensive cross-linking in the form of metal binding sites or disulfides to create a 

stable and defined structure. While many naturally occurring small peptides 

have been shown to have extensive secondary structure, especially helices, very 

few exhibit the defined tertiary interactions that are the hallmark of native 

protein structure in the absence of cross-links. 

A key issue in protein design is the minimal size of an independently 

folded peptidyl motif. Iterative modeling, synthesis, and structural 

characterization are facilitated for smaller constructs, allowing for the efficient 

testing of design principles and strategies. NMR is one of the most convenient 

methods for the detailed structural characterization of designed polypeptides. 

This technique is restricted to smaller polypeptides, especially if one wants to 

avoid the use of expensive labeled amino acids or 3D NMR. The large size and 

aggregration state of many protein design efforts has limited the ability to 
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adequately characterize the resulting peptidyl constructs by NMR.5 In the 

absence of the detailed structural information provided by NMR or crystal 

structure data, the analysis of designed proteins has relied heavily on auxiliary, 

indirect methods to probe tertiary structure (Chapter 1).6' 7 Circular dichroism 

(CD) is most frequently used to investigate the secondary structural content, while 

dispersity in the lD NMR spectra, cooperative denaturation (usually monitored 

by CD) and the absence of ANS (8-anilino-1-naphthalenesulfonic acid) binding, 

are used as indicators of tertiary structure.6-8 While these techniques do yield 

information on the presence of tertiary structure, they do not reveal the nature of 

the interactions responsible for such behavior. For these reasons, our efforts have 

focused on designing systems which are more amenable to complete and 

detailed structural analysis by NMR techniques. 

The project presented in the previous chapter targeted the design and 

assembly of a BBa motif based on the zinc finger domains. These peptides are the 

DNA binding units in a large class of transcription factor proteins.4' 9 Although 

zinc finger peptides adopt a well defined three-dimensional architecture in 

approximately 30 residues, the structure of these peptides is critically dependent 

on ligation of a divalent metal ion.10' 11 Zinc coordination by zinc fingers and 

other zinc dependent transcription factors has been referred to as the 

"intracellular version of the disulfide," 4 forming cross-links that are absolutely 

required for the formation of structure in these small protein domains. The 

reproduction of this defined structure in the absence of metal cations is therefore a 

challenging goal. If small motifs, such as the ppa structure of the zinc fingers, are 

to be used as versatile structural templates for future functional design efforts 

then the requirement for cross-links must be eliminated. In the zinc finger 

domains, four out of 25-30 residues ( ~ 10 - 15%) are involved in forming the 
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necessary metal binding site,9 severely limiting the versatility of this system for 

the development of functional polypeptides. 

Building on the results described in the last chapter a metal independent 

ppcx motif was achieved in only two additional design iterations (for a total of 

five), demonstrating that the ppcx architecture of the zinc finger peptides can be 

reproduced in as few as 23 amino acids in the absence of metal. These sequences 

along with those described in the last chapter are summarized in Figure 4-1. The 

sequence, -Val-DPro-Ser-Fen-, was found to form a p-turn in solution with a 

cis:trans proline amide isomer ratio of 1:18. Therefore this sequence was 

incorporated into the motif, to produce the fourth generation design, ZF04. 

Although NMR analysis of this peptide revealed the presence of defined 

secondary and tertiary structure, some degeneracy in the NMR resonances 

necessitated the synthesis of an additional peptide, ZFOS with a minor sequence 

alteration (PheL"?Tyr). Structural analysis of this peptide by 2D NMR confirmed 

the presence of defined secondary and tertiary structure for ZFOS, and NOE 

restrained simulated annealing was used to solve the three-dimensional solution 

structure. Several methods traditionally used to probe designed peptides in the 

absence of an NMR or crystal structure such as chemical and thermal 

denaturation, ANS binding, and H/D exchange studies were also performed on 

ZFOS. As the first successfully designed metal independent ppcx motif, this 

peptide was renamed BBAl. 

Additional peptides were synthesized and analyzed to probe two unique 

features of BBAl: the type II' turn and the role of the unnatural amino acid Fen. 

A peptide, ZF06, in which the type II' turn of BBAl was replaced with a type II 

turn was synthesized and analyzed. The analysis of this peptide highlighted the 

importance of the type II' turn in the generation of both secondary and tertiary 

structure in BBAl. Inspection of the NMR derived solution structure, indicated 
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that Fen6 did not play a direct structural role within the motif. Nevertheless, 

analysis of a peptide with a Fen6➔Tyr replacement, BBA2, was performed to 

determine the tolerance of the motif to substitutions at this position. The analysis 

of peptides ZF06 and BBA2 helped define the interactions which contribute to 

the adoption of a defined three-dimensional structure in only 23-residues in 

BBAl. 

Figure 4-1 Summary of the evolution of a metal independent ~~a motif based on 

the zinc finger domains. The design of the five peptides evaluated is detailed. 

The analysis of the first three generations is summarized on the right and 

described in Chapter 3. 
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Results 

ZF04 

This fourth generation peptide, ZF04, contained a His3➔Val substitution 

to control the cis/ trans proline amide isomerization problem encountered in the 

previous generation design, ZF03 (Chapter 3). CD and NMR studies were 

performed to investigate the structure. 

CD Analysis 

The CD signature of uncomplexed ZF04 resembles those of natural zinc 

finger peptides. Unlike previous designs the addition of Zn2+ resulted in a slight 

increase of the ellipticity at 222 nm, indicating a small loss of secondary structure 

(Figure 4-2A). The CD spectrum (190 nm - 250 nm) was invariant with peptide 

concentration (11 µM - 0.95 mM) and pH (4.5 - 8.0). In contrast to earlier designs 

(ZFOl and ZF02), there was very little change in the near-UV region of the CD 

spectrum which indicated that the phenanthroline moiety does not experience a 

chiral environment in the metal bound state (Figure 4-2B). UV studies 

monitoring the phenanthroline chromophore confirmed the formation of a 1:1 

ZF04-Zn2+ complex involving the Fen amino acid. These results suggested that 

metal binding by the peptide no longer had a strong influence on secondary or 

tertiary structure, and may have involved solely the Fen residue. 
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Figure 4-2 CD analysis of ZF04. A. Far-UV CD spectrum of ZF04 uncomplexed 

(solid line) and after the addition of 3 equivalents of Zn2+ (dashed line) B. Near­

UV CD spectrum of ZF04 uncomplexed (solid line) and after the addition of 3 

equivalents of Zn2+ (dashed line). The spectra have been normalized to the 

concentration of the phenanthroline moiety. 
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NMR Analysis 

The structure of uncomplexed ZF04 was also investigated by 2D NMR 

techniques. These studies confirmed that the His3➔Val substitution resulted in a 

peptide that had an acceptable level of the trans proline amide isomer (80 - 90 

%). The cis:trans isomer ratio was estimated from the integration of the methyl 

protons of Val3 in the cis isomer and compared to the integration of the 

corresponding peaks in the trans isomer. Although observable in the 2D NMR 

spectra, cross-peaks resulting form the cis isomer were very weak and did not 

complicate assignment. Complete sequence specific assignments of the trans 

isomer were possible, which permitted the investigation of the solution 

conformation of ZF04 through the analysis of 2D NOESY spectra. 

NOESY analysis in 90:10 H2O:D2O indicated that the desired elements of 

secondary structure were present in ZF04. Figure 4-3 summarizes the secondary 

structural content of ZF04. The NOESY signature for an alpha helix includes 

dNN(i, i+l), daNU, i+3), and dap(i, i+3).12 All three of these characteristic NOEs 

were present for residues 12-22 of ZF04, indicating a well formed alpha helix in 

this region. The sheet region of the peptide was also defined by a number of key 

NOEs. These NOEs are illustrated and numbered in Figure 4-3B. Specifically the 

long-range <lNN(Val3, Fen6) (1), daN(Thr7, Val3) (2), daN(Thr2, Phe8) (4) and the 

strong sequential dcxN(i, i+l) (9-12) indicated that residues 1-8 an antiparallel P­

sheet. Observation of dNN(SerS, Fen6) (7) and daN(Pro4, Fen6) (8), as well as 

strong sequential NOEs, daN(Pro4, Ser5) (5) dcxN(Pro4, Ser5) (6) indicated the 

proper formation of a type II' turn.12 Although assignment of NOE #3 [daa(Thr2, 

Thr7)] in the NOESY spectrum acquired in 90:10 H2O:D2O was not possible due 

to interference from the water signal, this NOE was easily identified in spectra 

taken in 100% D2O. 
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A. 
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Figure 4-3 A. NOEs indicative of secondary structure in uncomplexed ZF04 are 

illustrated. The width of the lines represent the relative strength of the NOEs, a 

dashed line indicates that the NOE could not be identified due to overlap. B. 

Schematic representation of key NOEs defining the ~-hairpin. The relative 

intensities of the NOEs were determined from inspection of the cross-peaks in 

the NOESY spectrum (200 ms mixing time). 
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The ~-sheet and a-helical secondary structures were also supported the 

amide temperature coefficients for ZF04. A low amide temperature coefficient (-

118/ 11T < 6.0 ppb/K) is an indication of the shielding of the amide proton from 

solvent. One probable cause of solvent shielding is hydrogen bonding 

interactions13 such as those found in elements of secondary structure. Therefore, 

the pattern of amide proton shielding can be a confirmation of the secondary 

structure. Based on the original sequence specific assignments at 7 °C, additional 

TOCSY experiments performed at various temperatures (17 °C, 27 °C, and 37 °C) 

were used to assign amide chemical shifts and determine the amide temperature 

coefficients. Although the majority of residues could be assigned for all four 

temperatures, the amide temperature coefficients of several residues could not be 

accurately determined. The results of this study are summarized in Table 4-1. 

Several residues in the sheet have amide temperature coefficients consistent with 

the hydrogen bonding pattern of this element of secondary structure: Phel and 

Fen6 have low values (-113/ 11T < 5.0 ppb/K ), while Thr2 and Thr7 have higher 

values (-113/ 11T ~ 6.0 ppb/K). The shielding pattern of residues 12-22 was also 

consistent with the expected structure in this region. The NOEs illustrated in 

Figure 4-3 identify an a helix consisting of residues 12 - 22. In this case, the first 

amide proton predicted to participate in a hydrogen bond would be residue 

Ala15 (with additional (i, i+4) hydrogen bonds expected for residues 15-22). 

Indeed, the amide proton temperature coefficients were generally low (-118/ 11T < 

4.0 ppb/K) for most residues in this region. Unexpectedly, two additional 

positions had low amide proton temperature coefficients, Ser11 and Glu13. Serll 

is in the loop connecting the helix and the sheet, while Glu13 is at the N-terminus 

of the helix. Based on the NOE analysis, these residues should not be involved in 

backbone-backbone hydrogen bonds. However, other interactions such as a side 

chain to backbone hydrogen bonds or hydrophobic shielding by neighboring 
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residues might protect these protons from solvent, resulting in depressed amide 

temperature coefficients. 

Residue -11'6/ 11T expected solvent 

(ppb/K) shielding 
Phel 4.76 yes (sheet) 
Thr2 6.07 no (sheet) 
Val3 nd yes (turn) 
SerS nd no (turn) 
Fen6 3.36 yes (turn) 
Thr7 5.95 no (sheet) 
Phe8 nd yes (sheet) 
Ser9 5.6 no 

ArglO 9.78 no 
Serll 3.62 no 
Asp12 nd no (helix) 
Glu13 3.65 no (helix) 
Leu14 6.83 no (helix) 
AlalS 3.19 yes (helix) 
Lys16 4.73 yes (helix) 
Leu17 3.42 yes (helix) 
Leu18 3.98 yes (helix) 
Arg19 2.48 yes (helix) 
Leu20 4.22 yes (helix) 
His21 2.98 yes (helix) 
Ala22 nd yes (helix) 
Gly23 5.73 no 

Table 4-1 Amide proton temperature coefficients for ZF04. nd = not 

determinable. The right-hand column indicates if shielding of this amide proton 

is expected within the element of secondary structure determined for this residue 

from the NOE analysis. A low amide temperature coefficient (-11'6 / 11 T < 5.0-6.0 

ppb /K) is an indication of the shielding of the amide proton from solvent. 
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In addition to the desired secondary structure, analysis of the NOESY 

spectrum revealed a number of long range NOEs between the a-helix and the ~­

sheet, which indicated a defined tertiary structure for ZF04. Several of these 

NOEs are shown in Figure 4-4. In the absence of a metal binding, interactions 

between the helix and the sheet should be mediated by Phe1, Phe8, and Leu14; the 

analogous residues in folded natural zinc fingers make up the hydrophobic 

cluster in the presence of metal cations. The NOEs observed for ZF04 indicated 

the involvement of Phel, Phe8 and Leu14 in the formation of a similar 

hydrophobic cluster in the absence of metal. Assignment of several of these key 

NOEs was hindered by overlapping resonances for the aromatic rings of Phe8 

and Phe1. Although there was considerable evidence for defined secondary and 

tertiary structure in ZF04, the spectral overlap of the Phe resonances made 

translating the NMR data into a three-dimensional structure difficult. Tyrosine is 

often found at the analogous position in natural zinc fingers and its ring protons 

have distictive chemical shifts that are well separated from those of 

phenylalanine. Therefore, the peptide, ZF05, containing a conservative 

Phe1~ Tyr replacement, was synthesized. 
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Figure 4-4 NOESY spectrum of ZF04. Long range NOEs between residues in 
the helix (Leu 14, Leu17) and the sheet (Phel and Phe8) are indicated. 
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BBAl (ZFOS): A Metal Independent ~~a Motif 
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Figure 4-5 Measurement of the cis-trans isomer ratio for BBAl by lD NMR. A 

portion of the lD spectrum of uncomplexed BBAl acquired in D20. Average of 

1:5.2 cis/trans or 84% trans praline amide isomer. 

The fifth generation design, ZFOS (or BBAl), included the optimized type 

II' ~-turn and a PheL~Tyr replacement to decrease NMR signal degeneracy and 

to allow complete structure determination. (This peptide will hereafter be 

referred to as BBAl). A number of proton resonances of the cis and trans praline 

amide isomers of BBAl were sufficiently well resolved in the lD 1H NMR 
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spectra to allow for the quantification of the amide isomer ratio (Figure 4-5). 

Integration of these signals indicated ~ 16% (± 3% depending on the peaks used) 

of the cis conformer. While this value is higher than expected based on the study 

of the model peptide presented in Chapter 3, cross-peaks arising from the cis 

conformer were easily identified and sufficiently weak, and therefore did not 

interfere with the assignment and analysis of the 2D NMR spectra. 

CD Analysis 

The CD spectrum of BBAl strongly resembles those of the natural zinc 

fingers. 11' 14 Similar to ZF04, the addition of Zn2+ resulted in only a slight 

change in the CD spectrum in the 190-250 nm range, which indicated that 

secondary structure is metal independent (Figure 4-6A). In the first two designs, 

concomitant with the increase of the secondary structure upon addition of Zn2+, 

a strong CD signal was observed in the near UV region indicating the formation 

of a chiral Fen-metal complex. In contrast a much weaker signal was observed 

for BBAl, consistent with the idea that metal binding no longer dominated 

secondary and tertiary structure (Figure 4-6B). The formation of a 1:1 BBA1-

Zn2+ complex (KD= 4.56±1.78 µM) was confirmed by UV-Vis spectroscopy. The 

CD spectrum of uncomplexed BBAl was invariant with pH (4.5-8.5) and peptide 

concentration (8.2 µM-2.6 mM), indicating the absence of aggregation effects. 
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Figure 4-6 CD Analysis of BBAl. A. Far-UV CD spectrum of uncomplexed 

BBAl (solid line) and after the addition of Zn2+ (dashed line) . The spectra are 

plotted in mean residue ellipticity. B. Near-UV CD spectrum of BBAl 
uncomplexed (solid line) and after the addition of Zn2+ (dashed line). The 

spectra are normalized to the concentration of the phenanthroline chromophore. 
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NMR Analysis 

The complete sequence specific assignment was performed for BBAl.12 

Analysis of the NOESY spectra, acquired in both 90:10 H2O:D2O and D2O, for 

the uncomplexed peptide revealed the presence of well defined secondary 

structure in good agreement with the design and similar to the results obtained 

for ZF04. NOEs indicative of helix formation [daN(i, i+3) and da~(i, i+3)] were 

observed for residues 12-22. Formation of the ~-hairpin between residues 1 and 8 

was indicated by an extensive network of NOEs (Figure 4-7). 

The assignment of secondary structure was also confirmed by H/D 

exchange studies. In these experiments the exchange of the amide protons with 

deuterium from the solvent (D2O) was monitored by 1D NMR. The difference 

1D NMR spectra used in this analysis are illustrated in Figure 4-8. These spectra 

were obtained by subtracting the 1D 1H NMR spectra acquired~ 3 hrs in which 

all exchangable protons were assumed to be completely deuterated. This was 

necessary in order to eliminate the peaks arising from the aromatic protons of the 

Fen amino acid, and allow the partial identification of protected amide protons. 

These one-dimensional NMR experiments indicated that many amide protons of 

BBAl were protected from solvent exchange. While some protons exchanged 

rapidly ( ~6 min), several amide proton signals were still visible after one hour. 

The exchange half time for an amide proton within a peptidyl in a random coil 

conformation at this temperature and pH is less than three minutes.15 Therefore 

the slow exchange observed for BBAl is evidence of considerable protection, due 

to secondary and tertiary structure. Although not all of the protected protons 

could be assigned in the 1D spectra, at least one amide proton in the ~-sheet 

(Val3) and several in the a-helix (Leu 17, Leu 18, and Ala15), exhibited considerably 

slower exchange, in agreement with the predicted structure. 
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A. 
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Figure 4-7 A. NOEs indicative of secondary structure in BBAl. The width of 

the lines represent the relative strength of the NOEs, a dashed line indicates that 

the NOE could not be identified due to overlap. Solid squares indicate 3Ja.N> 8 

Hz, and open squares indicate 3Ja.N< 6.8 Hz. B. Schematic representation of key 

NOEs defining the ~-hairpin. The relative intensities of the NOEs are determined 

from observation in the NOESY spectrum (200 ms mixing time). 
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Figure 4-8 H/D exchange experiment for BBAl monitored by NMR. The 

difference spectra are produced by subtracting the 1D spectra after ~ 3 hrs of 

exchange with D2O. The sample was freshly dissolved (t=0 min) in 50 mM 

acetate-d6, pD (uncorrected meter reading) 4.5, 3.2 mM peptide, 7 °C. 
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Figure 4-9 Long range NOEs present in the NOESY (300 ms mixing time) 
spectrum of BBAl indicative of tertiary structure. Data acquisition in D2O, pD 
(uncorrected) 4.5, 600 MHz, 7 °C. 
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In addition to the NOESY analysis and H/D exchange studies, the alpha 

amide (CaH - NH) coupling constants for BBAl were determined. This data 

further confirmed the NOE based determination of secondary structure. The 

splitting of cross-peaks in the double quantum filter COSY spectrum were used 

to measure the 3JaN coupling constants.12 Unlike the NOESY and H/D exchange 

experiments this data was acquired at 25 °C due to the peak broadening 

observed at 7 °C. The coupling constant data is summarized in Figure 4-7. 

In addition to adopting the desired secondary structure, 2D NMR analysis 

indicated that BBAl folds with a defined tertiary structure. Specifically, long 

range NOEs between protons of the side chains of residues Glul3, Leu 14, AlalS, 

Leu 17, and Leu18 within the helix, and residues Tyrl, Val3, and Phe8 in the ~­

hairpin revealed the formation of a discrete hydrophobic core. A portion of the 

2D NOESY spectrum illustrating several of the diagnostic long range NOEs is 

shown in Figure 4-9. 

Structure Determination 

The three-dimensional structure of BBAl was determined using an NOE­

restrained simulated annealing molecular dynamics protocol, 16 employing a total 

of 135 intra-residue and 166 inter-residue distance restraints derived from 367 

NOEs. In this procedure, the solution structure of a peptide or protein is solved 

through a molecular dynamics protocol that involves energy terms for the NOE 

restraints derived from the measurement of cross-peak volumes in NOESY 

spectra of various mixing times (50 - 300 ms) . The initial steps involve the 

randomization of the coordinates of the starting structure to prevent any bias 

from the starting conformation. The force constants for the NMR restraints and 

the covalent and non-bonded energy terms are scaled up in separate steps of 

molecular dynamics performed at 1000 K. The structure is then cooled from 1000 
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K to 300 Kin five steps over 20 ps. A series of minimizations produce the final 

structure. The procedure which was used for the structure determination of 

BBAl is illustrated schematically in figure 4-10. Forty-five structures were 

generated for BBAl, 29 of which converged to a common fold. 

Figure 4-10 (following page) Schematic representation of a NOE-restrained 

molecular dynamics simulated annealing procedure. The structures shown are 

taken from the trajectory files of a single dynamics run used to generate one of 

the structures shown in Figure 4-11 . 
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The 29 structures generated for BBAl agree very well with the intended 

design (Figure 4-11 and Figure 4-12). The a-helix and the ~-hairpin are well 

defined, and are associated via interactions between the side chains of residues 

Tyrl, Val3, Phe8, Leu14, Leu 17, and Leu18. The three residues Tyrl, Phe8, and 

Leu 14, which were involved in the majority of long-range NOE contacts, form the 

hydrophobic core of the molecule. Superimposition of the 29 structures revealed 

that the conformations of the side chains of these residues are as well ordered as 

the backbone atoms, indicating a well defined interior (Figure 4-12). The 

conformation of Tyr1 was the most disordered of the core residues, probably 

reflecting its terminal location. In contrast to the residues of the hydrophobic 

cluster, the C-terminal glycine and the side chains of the arginine and lysine 

residues appeared rather flexible and disordered in the NMR structures. 

Figure 4-11 Overlay of the backbone atoms of the 29 NMR-derived structures of 

BBAl. 
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Figure 4-12 Overlay of the heavy atoms of all 29 BBAl structures. The 

structures were superimposed based on the alignment of the backbone atoms of 

residues 1-22. 
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The quality of the BBAl structure compares well with that of Xfin,17 a 

natural zinc finger whose structure was determined under similar NMR 

acquisition conditions: BBAl (6.9mM, 7°C, pH 4.5, 29 structures) - RMSD 1.51A 

for all heavy atoms, 0.90A for the backbone atoms of residues 1-22; Xfin (5.8mM, 

5°C, pH 5.5, l.Seq ZnCl2, 37 structures) - RMSD 1.81A for all heavy atoms, 0.81A 

for backbone atoms. The RMSD values for BBAl are given in Table 4-2. 

Residues 

TyrLAla22 

All residues 

RMSD backbone atoms 

o.9 (±0.3) A 

1.2 (±0.5) A 

RMSD all heavy atoms 

1.4 (±0.3) A 

1.s (±0.4) A 

Table 4-2 The average value of the RMSDs of all 29 NMR derived structures 

from the average structure. Standard deviations are in parentheses. 

Stability of BBA1: CD Analysis of Chemical and Thermal Denaturation of BBA1 

Chemical and thermal denaturation experiments for BBAl were 

monitored by CD spectroscopy. The secondary structure of BBAl, as monitored 

at 222 nm, is rather stable; thermal denaturation does not appear to be complete, 

even at 80 °C (Figure 4-13) Complete denaturation is observed only in 8M urea 

(Figure 4-14). These studies were performed at pH 4.5 to parallel the conditions 

of the NMR structure. 



153 

15 
A -,- 10 ' 

0 
E 

"C 
C\J 5 E u 
0) 
Q) 

"C 0 -C') 

0 
T""" 

X -5 
a:, 

-10 
190 200 210 220 230 240 250 

A (nm) 

- -2 - B ,-

' 
0 
E 

"C 
-3 -

C\J 

E -4 -
u 
0) •• Q) -5 -

"C • • - • C') • • 
0 -6 - • • T""" • • X -7 -

E • • 
C: • C\J 
C\J -8 - • C\J 

a:, • 
-9 I I I 

0 20 40 60 80 
Temperature (°C) 

Figure 4-13 Thermal denaturation of BBAl. A. CD spectra of BBAl taken at 7 

°C, 20 °C, 40 °C, and 80 °Care shown. B. The temperature dependence of mean 

residue ellipticity at 222 nm. (458 µM, l0mM acetate buffer, pH 4.5, 0.01cm 

pathlength cell) 



154 

10 
A -..... 5 ' 0 

E 
-0 

C\J 0 E 
(.) 

C) 
Q) 
-0 -5 -C') 

0 
T""" 

>< -10 
CD 

-15 
200 210 220 230 240 250 

A (nm) 

-2 
B 0 0 -..... 

' -3 I-
0 

0 
E 0 

-0 -4 -C\J 0 E 
(.) 

0 
C) -5 ,_ 
Q) 
-0 -C') -6 I- 0 

0 0 

T""" 

>< -7 I- 0 
0 

E 
C 

gJ -8 - 0 
C\J 

CD 

-9 I I I I I 

0 2 4 6 8 

Urea (M) 

Figure 4-14 Chemical denaturation of BBAl. A. CD spectra of BBAl taken in 0, 

0.5, 1.0, 1.5, and 2.0 - 8.0 M urea (1.0 M increments) are shown. The arrow 

indicates the trend with increasing urea concentration. B. The dependence of 

mean residue ellipticity at 222 nm on urea concentration. (83.9 µM BBAl, 1 mM 

acetate buffer, pH 4.5, 0.1 cm pathlength cell) 
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ANS Binding 

The formation of a discrete hydrophobic core within BBAl was further 

investigated by analysis of 8-anilino-1-naphthalenesulfonic acid (ANS) binding. 

The presence of well defined tertiary structure is often probed by studying the 

interaction of this hydrophobic fluorescent dye with proteins.18 This technique 

has been used extensively to probe the tertiary structure of designed peptides for 

which there is no detailed structural information such as a crystal or NMR 

structure.19, 20 While ANS will bind to the apolar regions of partially folded or 

"molten globule" states of proteins, resulting in a large increase (50 - 100 fold) in 

fluorescence of the dye, native folded proteins do not bind ANS.18 Many 

designed proteins to date have demonstrated significant ANS binding which is 

attributed to poor tertiary packing interactions and the adoption of a molten 

globule rather than a native-like state.7' 19, 20 Although the well defined NMR 

structure of BBAl argues against a molten globule state for this peptide, ANS 

binding experiments were performed to support this conclusion. In order to 

conserve the peptide supplies, experiments were performed by titration of ANS 

into a buffered solution of peptide and compared to a control ANS titration 

performed in the absence of peptide. BBAl did not enhance the fluorescence of 

ANS, even at ANS concentrations in large excess of the peptide (Figure 4-15), 

indicating that BBAl does not bind ANS under conditions5 previously shown to 

establish the presence of poorly folded states in other designed proteins. In light 

of the NMR structure of BBAl, this result implies that the apolar side chains of 

BBAl are sufficiently buried in the folded structure to preclude interaction with 

the dye. However, there remains the possibility that this motif is too small to 

bind ANS, even in a molten globule-like state. Since neither unfolded nor fully 

folded proteins exhibit ANS binding, a molten globular ~~a motif is needed as a 

positive control in order to differentiate between these two possibilities. 
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Unfortunately, it is extremely difficult to design a motif with molten globular 

properties a priori. ANS binding experiments performed with uncomplexed 

BBAl (pH 4.5, and pH 8.25) and the BBA1-Zn2+ complex (pH 8.25) yielded 

similar results. 

>- 0.2 :t:: 0 
Cl) • 0 BBA1 & ANS c:: • 
Q) 0 

ANS only +-' • 0 
Cl) 
c:: 0.15 • 0 

Q) • 
(.) 
c:: 
Q) 

0 (.) 0 
Q) 0.1 • Cl) • .... 
0 
:::J 0 

LL 
Q) 0.05 > :;::::; 
ctS 0 
Q) • ~ a: 

0 
0 100 200 300 400 500 600 700 

[ANS] (µM) 

Figure 4-15 Titration of BBAl with ANS. (20.3µM peptide, 20mM acetate, pH 

4.5). At ANS concentration greater that 100 µM, self quenching of ANS 

fluorescence becomes evident. Emission was monitored at 530 nm, with 

excitation at 370 nm. 

The experiments described above clearly demonstrate the presence of a 

well defined secondary and tertiary structure for BBAl in the absence of metal 

ligation. One of the key ideas utilized in the design of this structure was the 

concept of a type II' ~-turn as a structural nucleation element. In order to 
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establish the explicit role of the type II' p-turn in the successful generation of the 

metal independent structure exhibited by BBAl, a control peptide was 

synthesized and analyzed (ZF06). 

ZF06: A Type II p-Turn Control 

To verify the importance of the type II' p-turn in the generation of the 

defined secondary and tertiary structure observed for BBAl a peptide in which 

the type II' p-turn was modified to a type II p-turn was synthesized. ZF02 

(described in the previous chapter) contained a type II p-turn and was shown by 

CD and NMR to lack the presence of well defined secondary or tertiary structure 

However, several sequence changes, not directly involving the turn type, were 

made during the design process. Therefore in order to create a peptide directly 

analogous to BBAl but differing only in turn type, an additional peptide was 

synthesized. Peptide ZF06 has an identical primary sequence to BBAl, except 

the chirality of the central turn residues (DPro4-Ser5~ Pro4-oSer5) were altered to 

produce a type II rather than a type II' p-turn. The sequences of BBAl and ZF06 

are shown below; the central two residues of the turn are in bold. 

BBAl: Ac-Y-T-V-0P-S-Fen-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

ZF06: Ac-Y-T-V-P-0S-Fen-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

Structural Analysis 

The structure of peptide ZF06 was evaluated in the absence of 

coordinating metal ions. NMR analysis revealed that while the helical structure 

was largely maintained, both the p-hairpin and the tertiary structure observed in 

BBAl were absent. Although weaker than those observed for BBAl, several 
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daN(i, i+3) and da~(i, i+3) NOEs, diagnostic of helical conformation, were present 

for residues 12-21 of ZF06 (Figure 4-16). In contrast, the NOEs that would be 

indicative of sheet formation were not observed. 

Ac-Y-T-V-P-oS-Fen-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH
2 

daN(i,i+l) - ____ _,, ........... -•••••••••••••••-•••••-

dNN(i,i+l) _,,,,_,.., 

................... 

Ac-Y-T-V-P-oS-Fen-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH 
2 

Figure 4-16 NOEs indicative of secondary structure in ZF06. The width of the 

lines represent the relative strength of the NOEs, a dashed line indicates that the 

NOE could not be identified due to overlap. NOE strengths were determined 

from inspection of the NOESY spectrum (200 ms mixing time). 
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Figure 4-17 Similar regions of the NOESY spectra of BBAl and ZF06. 

In addition, none of the NOEs diagnostic of tertiary structure were visible. 

Comparison of the identical regions of NOESY spectra (300 ms mixing time, 

D20) of ZF06 and BBAl underscores the contrasting structural behavior of the 

two peptides (Figure 4-17). In BBAl, this region contains a number of long range 

NOEs between the aromatic side chain protons of Phe8 and Tyrl and residues 
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(Leu 14, AlalS, and Glu13) in the helix. These NOEs are absent from the spectrum 

of ZF06. Thus, although ZF06 and BBAl differ only in the type of p-tum 

employed, the differences in secondary and tertiary structure are dramatic. 
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Figure 4-18 Titration of ZF06 with ANS. (18.4µM peptide, 20mM HEPES, pH 

8.25). At ANS concentrations greater than 100 µM self quenching of ANS 

fluorescence becomes evident. Emission was monitored at 530 nm, with 

excitation at 370 nm. 

ANS Binding 

The structure of ZF06 was also evaluated by ANS binding to probe 

whether this motif exhibited the properties of a molten globule, and could 

therefore possibly serve as the positive control for the experiment performed on 

BBAl. Similar to the behavior exhibited by BBAl, ZF06 did not bind ANS even 

at very high concentrations (Figure 4-18), despite the NMR evidence which 
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indicated a lack of defined tertiary structure in the presence of some secondary 

structure (one of the characteristics of a molten globule). There are two possible 

interpretations of these results. One possiblity is that the motif is too small to 

bind ANS in any state. Although this may be true, a very narrow set of protein 

structural states exhibit ANS binding.18 Investigations of ANS binding to poly­

lysine under conditions which favor different elements of secondary structure 

indicates that the dye does not bind to isolated ex-helical structure but does have 

some affinity for ~-like secondary structure.18 For globular proteins, ANS 

binding results from the association of the dye with exposed patches of 

hydrophobic amino acids of protein structures with poorly defined tertiary 

interactions. Tertiary interactions are not absent from these states; they are 

simply non specific and fluctional, which results in the hydrophobic association 

of the dye with exposed regions of the protein. Thus, lack of ANS binding by 

BBAl and ZF06 may result from two very different states. ZF06 appears to be 

largely unfolded lacking any tertiary interactions, while BBAl is entirely folded 

with well-defined tertiary interactions. It is possible that ANS binding would 

only be a useful tool for the analysis of protein design efforts if an earlier design 

exhibited ANS binding behavior which was eliminated by modifications in later 

designs. 

BBA2: The Structural Role of the Fen Amino Acid 

The unnatural metal binding amino acid, Fen, was used to great 

advantage as a reporter group during the design process, permitting the direct 

detection of metal coordination affinities and stoichiometries for intermediates in 

the design pathway. Although this amino acid was extremely useful during the 

early design stages, the evolution of the metal independent motif represented by 

BBAl obviates the need for its reporter functionality. In addition, this amino 
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acid is difficult to couple (requiring off line coupling techniques, see Chapter 3) 

and preparation of the residue requires a multi-step synthesis. Therefore the 

next logical step is to create a more versitile structural template by the 

elimination of the residue from the sequence of the motif. While the NMR 

structure of BBAl does not implicate a direct structural role for this amino acid, 

one cannot rule out more subtle effects on structure, especially for such a bulky 

residue. Therefore, B BA2 which included a Fen6➔Tyr substitution was 

synthesized and analyzed. 

Design and Modeling 

In order to determine the best natural amino acid to substitute for the Fen 

residue, modeling based on the NMR structure of BBAl was performed. Of the 

29 structures generated the system with a low NMR-derived energy and the 

lowest backbone RMSD from the average structure was chosen to serve as the 

basis of modeling efforts. Analysis of the NOEs observed for BBAl involving the 

Fen residue reveals that the majority of the interactions of the Fen side chain with 

other residues involves either the~ protons or the protons on the proximal ring 

of the phenanthrolyl side chain (Figure 4-19) . Therefore phenylalanine and 

tyrosine were investigated in this position, by direct substitution, using similar 

side chain dihedral angles. While both substitutions could fit the first ring of the 

NMR structure well, replacement with tyrosine was chosen for the new design 

BBA2. Based on the conformation of the Fen side chain, the phenolic hydroxyl of 

the side chain of a tyrosine residue at this position would point out of the motif 

towards solvent (Figure 4-20). Additionally it was anticipated that tyrosine at 

position 6 might lead to less degeneracy in NMR spectra; replacement of Fen6 

with phenylalanine would place two phenylalanines in close proximity. 

Accordingly, BBA2 was synthesized. 
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BBAl: Ac-Y-T-V-0P-S-Fen-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

BBA2: Ac-Y-T-V-0P-S-Tyr-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

Val3 

Pro4 

Sers 

Fen6 

Figure 4-19 The position of the Fen residue within the NMR structure of BBAl. 

The NOE derived distance restraints (only for the Fen residue) used for the 

structure calculation are shown as dashed lines, pseudo atoms are shown as light 

diamonds. The helix has been deleted for clarity. 
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Val3 

Tyr1 

Fen6 /Tyr6 

Pro4 

Sers 

Tyr6 
hydroxyl 

Figure 4-20 A portion of the model for BB A 2 superimposed on the NMR 

structure of BBAl. The helix has been deleted for clarity. 

NMR Analysis 

NMR analysis of BBA2 revealed several interesting structral features 

which apparently result from the Fen6~ Tyr replacement. Initial NMR analysis 

(TOCSY, ROESY, NOESY) was performed at 7 °C. Unfortunately, assignment at 

this temperature proved difficult. In addition to the cis proline conformer which 

was also present in BBAl, several spin systems with exceedingly broad proton 

resonances were observed. Cross-peaks involving the amide proton of these 

residues were sufficiently diffuse at 7 °C that identification of these spin systems 

required inspection of the spectra at very low contour (intensity) levels. Cross­

peaks arising from the cis proline amide isomer were also visible at this lower 

level, (Figure 4-20) and complicated spectral assignment. A small impurity that 
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was not removed in the HPLC purification was also visible at this low contour 

level. CZE analysis indicated that this impurity was present at less than 5% the 

total concentration and thererfore, this minor contaminant did not hinder the 

assignment of most spin systems. Unfortunately identification of the spin 

systems which exhibited the weak and broadened resonances described above 

was more difficult . Significantly less broadening was observed in spectra 

aquired at 17 °C (compare Figure 4-21 and Figure 4-22) and complete sequence 

specific assignment could be accomplished at this temperature. Based on these 

assignments the three residues with unusually broad resonances especially for 

the amide protons were identified. Cross-peaks observed in the TOCSY 

spectrum involving the amide protons of Thr7, Phe8, and ArglO (and Ser9 to a 

lesser extent) were very shallow and diffuse (Figure 4-21). Although not 

conclusive, this suggests that there is some conformational flexibility of the 

backbone in this region of the peptide chain. Broad NMR signals can result 

when the molecule undergoes dynamic conformational averaging on a time scale 

that approximates the time scale of the NMR experiment. Fast interconversion of 

two conformations leads to one sharp peak and slow exchange results in the 

observation of two distinct peaks. While intermediate exchange produces a 

broad signal whose position is the average of the signals that would result from 

the separate conformations. The temperature dependence of these phenomena in 

the NMR spectra of BBA2 supports this explanation. Higher temperatures could 

either favor a particular conformation or speed up the interconversion of the 

conformers. Interestingly, these residues are all relatively close to the original 

position of the Fen amino acid (position 6) implying that the Fen residue may 

have had a subtle effect on structure and imparted a conformational rigidity to 

this region of the peptide that was not be duplicated by the Tyr substitution. 
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Figure 4-21 The amide-alpha region of the TOCSY spectrum of BBA2 at 7 °C. 

Alpha-amide and amide-beta cross-peaks for all 23 residues are labeled. A 

very low contour level of the plot is required for the observation of the alpha­

amide cross-peaks for residues Phe8, Thr7, Ser9 and ArglO. At this level cross­

peaks arising from the Pro4 cis amide isomer and an impurity (<5%) are 

visible and denoted by (*) symbols . Sequential assignments at this 

temperature were based on the those obtained at 17 °C. 
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Figure 4-22 The amide-alpha region of the TOCSY spectrum of BBA2 at 17 °C. 

Alpha-amide and amide-beta cross-peaks for all 23 residues are labeled. A 

very low contour level of the plot is required for the observation of the alpha­

amide cross-peaks for residues Phe8, Thr7, and Arg10. At this level cross­

peaks arising from the Pro4 cis amide isomer and an impurity ( <5%) are 

visible and denoted by (*) symbols. 
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Despite the conformational flexibility implied by the broad signals 

observed for several residues, the complete sequence specific assignment enabled 

the investigation of the secondary and tertiary structure within the peptide. 

Similar to BBAl, BBA2 exhibited a series of NOEs indicative of the desired 

secondary structure (Figure 4-23), although several of the important NOEs in the 

sheet region were obscured at 17 °C by the overlap of the Thr2 alpha proton 

signal with the water (Figure 4-24). Additionally a similar set of long range 

NOEs were observed among the residues involved in the hydrophobic cluster 

(Tyrl, Phe8, and Leu14) (Figure 4-25). 

Ac-Y-T-V-DP-S-Tyr-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH 
2 

daN(i,i+ 1) -••1111 • ••••••-••11•-•••1111-•••••••••••••••••11•••••••111111111 

dNN(i,i+l) -······-··········•-1111,_ 

I-

f-1----~---1( * 
1--, 

I ; 
llltllllllttltltllll 

lllltlllllllltllltU 
1111111111111111111111 

Ac-Y-T-V-DP-S-Tyr-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

Figure 4-23 The secondary structure of BBA2 at 17 °C. The relative strength of 

the NOE is indicated by the width of the line based on the intensity of cross­

peaks observed in the NOESY spectrum (300 ms mixing time). A dashed line 

indicates that the NOE was obscured by overlap. * Observed in the 7 °C NOESY 

spectra taken in D2O. 
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C_/ 
DPro4 Val 3 

◄ ► 

overlap med/weak strong 

Figure 4-24 NOEs indicative of ~-hairpin formation for BBA2. Relative 

intensities based on cross-peaks observed in the NOESY spectrum (300ms mixing 

time). a This NOE is very weak. b The daa(Thr2, Thr7) NOE could only be 

detected in the NOESY spectrum taken in D2O at 7 °C. The amide protons with 

broad NMR resonaces are encirled. 
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Figure 4-25 Long range NOEs for BBA2 indicative of tertiary structure. NOESY 

spectrum (300 ms mixing time) was acquired at 17 °C, 600 MHz, pD 

(uncorrected) 4.5, D2O. 
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In addition to the expected long range NOEs, several unexpected very 

weak long range NOEs were observed. These NOEs are between the side chain 

protons(~ and y) of the two threonine residues (especially from Thr7) in the sheet 

and residues in the hydrophobic cluster (both the aromatic ring protons (3 and E) 

of Phe8 and Tyrl and the side chain protons (3) of Leu14) (see Figure 4-25). 

Although these NOEs are weak, they are clearly visible and their assignments are 

supported both by observation in several NOESY spectra taken at different 

mixing times and by the presence of NOEs to multiple protons of the threonine 

side chains. The threonine side chains are solvent exposed in the designed motif, 

and on the exterior of the sheet. Therefore, these side chains would not be 

expected to show NOEs to residues found on the interior of the motif. Despite 

the presence of a number of NOEs indicative of a ~-hairpin within this peptide 

[dNN(Tyr6, Val3) and daa(Thr2, Thr7)], it appears that there may be some 

twisting of the strands such that the side chains of the threonine resides have 

partial exposure to the interior of the motif. It is notable that Thr7 is both 

involved in the majority of these unexpected NOEs and exhibits broadened 

resonances. Thus, the cause of both the signal broadening and these unexpected 

NOEs might be an increased flexibility in the region at the end of second strand 

(residues 7-10) such that this portion of the peptide exists in a conformational 

flux between an extended sheet-like conformation and a more twisted geometry. 

One other effect of the Fen residue in BBAl was observed in the 

comparative analysis of the NMR spectra of BBA2. The presence of the large 

extended ring system of the phenanthroline moiety in Fen, had a significant 

effect on the chemical shift of the neighboring residues. In general, a single 

amino acid substitution in a structured peptide would not be expected to have a 

large effect on the chemical shift of neighboring residues, unless the substitution 

greatly perturbed the structure. While there were definitely some structural 
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effects of the Fen6➔Tyr substitution, a large number of NOEs point to the same 

overall structure albeit with potentially altered stability. Therefore, the likely 

cause of the differing chemical shifts is the unusual nature of the Fen side chain. 

This was particularly evident in the assignment of the aromatic amino acids 

(Phe8 and Tyrl) and the threonine residues (Thr2 and Thr7). The alpha 

resonances of these amino acids were shifted downfield (relative to BBAl) and 

closer to the water signal in the absence of the Fen amino acid. For Thr7, the 

alpha signal was almost overlapping with that of the water at 17 °C, which 

prevented the observation of NOEs involving this proton. Additionally, the 

aromatic protons of Tyrl in the cis and the trans DPro4 conformations were nearly 

overlapping in BBA2, preventing determination of the cis:trans Pro4 amide 

isomer ratio by simple integration of the 1-D signals as was possible for BBAl. 

Discussion 

The design of the fourth peptide in the series (the first three are described 

in Chapter 3) was based on an analysis of cis-trans proline amide isomerism in a 

series of tetrapeptides incorporating the type II' ~-turn. The optimal sequence, 

-Val-DPro-Ser-Fen-, was introduced into the turn region of peptide ZF04 

(residues 3-6). Replacement of the residue immediately preceding proline 

successfully limited the population of the cis proline amide isomer to 

approximately 15%. Although NMR analysis revealed the presence of defined 

secondary and tertiary structure in this peptide, overlap in the resonances for the 

ring protons of Phe1 and Phe8 hindered complete structure generation based on 

the NMR data. A Phe1➔ Tyr substitution in peptide BBAl resolved this spectral 

ambiguity. Detailed NMR analysis, including the determination of the solution 

state structure by NOE restrained simulated annealing (SA) confirmed that this 

peptide exhibited the desired three-dimensional architecture (Figure 4-26). 
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Figure 4-26 Stereo image of a representative NMR structure for BBAl. 

Analysis of BBAl Structure 

NMR and CD analysis demonstrated that BBAl adopts a well-defined, 

monomeric tertiary structure in aqueous solution. The 29 SA NMR structures 

generated for this peptide confirm that the a-helix and ~-hairpin regions of the 

motif are in agreement with the intended design. Analysis of this ensemble 

revealed that 26 out of 29 structures (>90%) exhibit characteristic type II' ~-turn 

dihedral angles for oPro4-Ser5 although significant deviation from the ideal 

value was observed for the \j/ value of Ser5. The remaining three structures 

differed in the orientation of the central amide bond and did not conform to a 

defined turn type. Analysis of the hydrogen bonding interactions within the 29 
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NMR structures was also performed. Although 28 of the 29 structures had at 

least one of the hydrogen bonds within the turn region [3(CO)➔6(NH) or 

6(CO)➔3(NH)] very few had the remaining two hydrogen bonds which would 

be expected in an extended ~-sheet. This is not very surprising given the 

terminal location of Tyr1. Presence of the daa(Thr2, Thr2) and extended dihedral 

angles for these residues indicated that a conformation similar to the intended~­

sheet is formed between residues 1 and 8. 

Similar analyses were performed for the residues within the helix. 

Residues 13 through 20 adopt typical a-helix backbone dihedrals in most 

structures. Residues Asp12 and His21 appear to serve as "helix cap" residues.21 

The dihedral angles at these positions deviate significantly from ideal a-helix 

values (<1>=-60°,'Jf=-40°) although these residues do participate in the expected 

12(CO)➔16(NH) and 17(CO)➔21(NH) hydrogen bonds in most of the structures. 

In the same family of structures, it is apparent that the C-terminal glycine is 

considerably disordered, as are the side chains of surface-exposed residues such 

as Arg10, Lys16, and Arg19. While the latter is not surprising, the flexibility of the 

C-terminus could be a target in future designs. 

In natural zinc finger peptides, the conserved hydrophobic core residues 

are unable to drive folding without the assistance of metal coordination. In 

BBAl, the formation of the hydrophobic core has been assisted by the inclusion 

of a heterochiral ~-type II' turn as a structural nucleation element, together with a 

judicious selection of residues to enhance the appropriate secondary structure 

throughout the peptide. Although the NMR derived structure of BB A 1 

resembles that of the natural zinc finger domains, 17, 22 the designed motif is more 

"open" than its native counterpart. Figure 4-26 compares the structure of BBAl 

with that of Xfin, 17 a natural zinc finger the NMR structure of which has been 

solved under similar conditions (except for the presence of zinc). In the natural 
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zinc finger peptides, a metal binding site cross-links the end of the a-helix to the 

13-hairpin, and it is this interaction that defines the angle between the helix and 

the sheet. It is therefore not surprising that the removal of such a cross-link 

would result in a more open structure. 

Figure 4-27 (following page) The solvent accessible surface of representative 

NMR structures of BBAl and Xfin.17 
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Chemical and thermal denaturation experiments monitored by CD 

demonstrate that BBAl has considerable stability. The motif does not completely 

unfold even at temperatures as high as 80 °C and requires 8 M urea for complete 

denaturation. Considerable thermal stability has been observed with a metal­

complexed natural zinc finger. 23 Although cooperative unfolding is often 

viewed as one of the hallmarks of native protein structure, non-cooperative 

chemical denaturation has been observed for natural zinc fingers despite the 

presence of a well-defined tertiary structure.24 Additionally, the unfolding 

studies employ CD spectroscopy which primarily measures the secondary, and 

not the tertiary structure content of the peptide. Therefore, a peptide such as 

BBAl, which has been designed to possess a high degree of inherent secondary 

structure, might not be expected to manifest cooperative unfolding of secondary 

structure as monitored by this method. This is especially relevant to our system 

since the helix of BBAl is inherently stable in solution (as indicated by the NMR 

characterization of the control peptide ZF06), and the CD signal is dominated by 

the helical signal. 

Two other techniques are commonly used to analyze the structure of 

protein design efforts; ANS binding and protection of amide protons from 

exchange with solvent. BBAl was analyzed by both these methods. Binding of 

the hydrophobic dye ANS, by the molten globule state of proteins results in a 

large increase (on the order of 50 - 100 fold) in fluorescence intensity.18 Unlike 

many design efforts to date, BBAl did not bind ANS even at large excesses of 

dye. Although this may be due to the native-like state of BBAl, this motif may 

also be too small to bind the large dye molecule. The similar behavior of ZF06 

points to some of the uncertainties that are inherent in the analysis of protein 

structure by ANS binding. H/D exchange experiments revealed the presence of 

several slowly exchanging protons whose signals persist for over one hour (pH 
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4.5, 7° C). While the rates of amide exchange for BBAl are somewhat more rapid 

than that found in large globular proteins, they are comparable to rates for 

peptides derived from natural zinc fingers25, 26 and are considerably slower that 

those expected for random coil peptides.15 

Role of the Type II' {3-Turn 

One of the key concepts presented in the design of BBAl was the use of a 

reverse turn as a structural nucleation element. Two different p-turn types (II 

and II') were investigated for their ability to promote p-hairpin formation within 

the motif (See chapter 3). The structural integrity of BBAl was attributed to the 

use of a type II' p-turn. The explicit role of the turn in the final structure was 

confirmed by the analysis of the peptide ZF06, in which the type II' turn of 

BBAl was replaced with a type II p-turn. This peptide exhibits none of the NOEs 

indicative of p-hairpin formation which are present in BBAl (compare Figure 4-7 

and 4-16). In addition, the long range NOEs indicative of tertiary structure were 

absent (Figure 4-17). While both type II and type II' p-turns exhibit inherent 

stability in aqueous solution as evidenced by spectroscopic studies of short 

model peptides,13 the type II' p-turn clearly has a greater ability to promote 

formation of secondary and consequently, tertiary structure in this system. 

The p-turns have been extensively studied because of their structural and 

functional roles in peptides and proteins. These structures have been shown to 

be critical in the bioactivity of small naturally occurring peptides and have been 

implicated in the process of protein folding.27 This study highlights the potential 

use or these small motifs as structural nucleation elements in protein design. 
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Role of the Fen Amino Acid 

With the demonstration of the well defined tertiary structure of BBAl and 

the determination of its solution structure by NMR, the stage is set for the 

exploitation of this motif in the design of catalytic polypeptides. In order to 

facilitate the design and synthesis of such constructs, the removal of the Fen 

amino acid from the sequence is desirable. This amino acid is obtained through a 

multi-step synthetic protocol, and is therefore expensive both in terms of cost and 

effort. Additionally, the poor solubility and coupling efficiencies of this amino 

acid require the use of special off-line coupling procedures for successful peptide 

incorporation. Therefore, the explicit role of the Fen amino acid in the structure 

of BBAl was investigated by the design and synthesis of a Fen6➔ Tyr 

substitution (BBA2). While this peptide did exhibit a number of NOEs indicative 

of both secondary and tertiary structure, there were several undesirable features 

associated with BBA2 that warrent further investigation. The presence of several 

spin systems with very broad resonances, and a number of unexpected weak 

long range NOEs point to the potential that a region of this peptide (Thr7-Argl0) 

exists in a conformational flux. The dynamics of this peptide may result from the 

twisting of the second ~-strand. In fact, the structure of BBA2 could only be 

evaluated at 17 °C, due to the severe broadening of several amides at the lower 

temperature (7 °C) employed for the analysis of previous designs. Despite the 

fact that the NMR structure of BBAl indicated no direct structural role for the 

Fen amino acid, this residue does appear to play a more subtle role by 

influencing the conformational flexibility of the adjacent residues. In addition to 

these structural effects, analysis of BBA2 revealed that the Fen amino acid 

indirectly facilitated solution structure determination by NMR. The extended 

aromatic ring system had a favorable effect on the chemical shift of the 

surrounding residues of BBAl, serving to differentiate similar residues (such as 
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Thr2 and Thr7) and prevent the loss of information by shifting the Ca proton 

resonances upfield of the water peak. Furthermore, these effects were different 

in the cis and trans Pro4 amide isomers which allowed for the facile quantification 

of the cis I trans amide isomer ratio in BBAl. 

Despite the ambiguities concerning the structure of the p-hairpin, tertiary 

interactions were, encouragingly, still maintained in BBA2, which points out the 

potential utility of this motif in future design efforts. Several strategies could be 

employed to reduce the conformational flexibility of the hairpin region. 

Incorporation of a bulkier natural amino acid such as tryptophan, could supply 

some of the conformational rigidity originally supplied by the Fen amino acid in 

BBAl. However, this would limit the positions available for modification in 

future designs. Alternatively, the threonine residues on the exterior of the sheet 

could be replaced with charged amino acids which might create an electrostatic 

stabilization of the desired, planar p-hairpin structure. In addition to creating a 

stabilizing effect in the desired conformation, use of a charged residue at these 

positions (2 and 7) would also disfavor an undesirable twisted conformation 

which places these residues near the hydrophobic core residues. Several 

unnatural amino acids have been investigated within the Imperiali Group 

specifically for this purpose. (S,S)-a,p-Diaminobutyric acid (allo-p-methyl-13-

amino alanine, or aMaa) and a,p-diaminopropanoic acid (!}-amino alanine or Baa) 

have been synthesized and incorporated into peptides via Fmoc based solid 

phase peptide synthesis (Appendix A). The side chains of these amino acids are 

significantly shorter than those of the naturally available lysine or arginine amino 

acids and therefore more suited to form salt bridge interactions across a p-sheet. 

Analysis of several peptides incorporating these residues demonstrated their 

potential utility in stabilizing sheet structure when paired across a sheet with an 

aspartic acid (see appendix A for details). In addition to being of the appropriate 
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length, aMaa is also p-branched which would favor an extended sheet-like 

conformation. 

Baa aMaa 

Figure 4-28 Charged amino acids which could be employed for the 

electrostatic stabilization of p-sheet structure. 

Conclusions 

The structure of small naturally occurring protein domains generally relies 

on either disulfide bridges or metal binding sites for stability. Our goal has been 

the construction of stable polypeptide motifs, based on natural systems, which 

are designed to fold in the absence of these cross-links. In our approach the 

utilization of appropriate structural nucleation elements compensates for the 

stability originally afforded by the cross-links. The success of this approach has 

been illustrated by the development of a metal independent ppa motif, BBAl. 

While the ppa topology of BBAl is reminiscent of the zinc finger domains, 

elimination of the zinc binding site results in a more open structure. The absence 

of a metal-mediated cross-link creates an accessible cleft between the helix and 

the sheet, which may be exploited as a small molecule substrate binding site in 

future designs. The template resulting from these efforts therefore provides a 

well-defined structural scaffold for the development of functional polypeptides. 

To increase the versatility of this scaffold, the peptide BBA2 was synthesized in 
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which the Fen amino acid was replaced with a naturally occurring amino acid, 

tyrosine. Although this change appeared to have some effect on the 

conformational flexibility of the motif, tertiary structure was largely maintained 

and the detailed NMR analysis suggested some future avenues for improvement. 

The BBAl motif represents one half of the solution to the design of 

polypeptides with novel functions: A well defined structural template. The 

development within the lmperiali group of novel functional residues, such as the 

coenzyme-amino acid chimeras28-31 and the metal-binding amino acids32, 33 

represents the other: The opportunity for the integration of function. The pieces 

are now in place for the construction of catalytic peptides and for the exploration 

of enzyme based catalysis within a peptidyl model system. The insight gained 

by such efforts will aid in the understanding of the elements of protein catalysis 

so skillfully crafted in natural systems. 
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Experimental 

Peptide Synthesis 

Peptides were synthesized essentially according to the protocol reported 

in Chapter 3. All peptides were purified by HPLC and analyzed by mass spec. 

All HPLC purifications were performed with H2O:acetonitrile solvent mixtures 

with 0.1 % TFA added as a carrier on C1s reverse phase columns. Linear 

gradients (LG) are given in the percentage of acetonitrile. Mass spectrometry 

was performed using either electrospray ionization (ESI) or matrix assisted laser 

desorption ionization (MALDI) techniques. Analytical equilibrium 

centrifugation experiments were performed on ZF04 by AMGEN (Thousand 

Oaks, CA) from a stock solution (48µM) in 90:10 H2O:D2O at pH 4.5. Several 

concentrations were run with monitoring at 280 nm. All solutions could be 

reasonably described as a single monomeric molecular system, or as a monomer­

dimer equilibrium, in which the dimeric form was not concentration dependent. 
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In the latter case the detected dimer was very small ranging from 0-8%, 

indicating that the peptide existed as a predominately monomeric species in 

solution. It should be noted that these experiments were performed using an 

extinction coefficient for the Fen residue within a peptide that was determined by 

comparing the analytical weight of a Fen containing peptide to the absorbance 

spectra. This analysis yielded a value for the extinction coefficient of 13,950 M-

1cm-1 (268 nm). Subsequently the extinction coefficient was more accurately 

determined (20,890 M-1cm-1 at 268 nm) from absorbance spectra of a Fen­

containing peptide, the concentration of which was determined by quantitative 

amino acid analysis. 

ZF04: Ac-F-T-V-DP-S-Fen-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

Analytical HPLC: tR = 27.7 min; LG 0-70% over 25 min. 

Purification : tR= 14.94 min: Semiprep column LG 36-41 % over 15 min. 

MW (ESI) calc. 2736; observed. 2735.9 

BBAl (ZFOS): Ac-Y-T-V-DP-S-Fen-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

Analytical HPLC: tR = 26.3 min; LG 0-70% over 25 min. 

Purification : tR= 15.40 min: Semiprep column LG 33-38% over 15 min. 

MW (MALDI) calc. 2753.1; observed. 2752.8 

ZF06: Ac-Y-T-V-P-DS-Fen-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

Analytical HPLC: tR = 28.4 min; LG 0-70% over 25 min. 

Purification: tR= 11.9 min: Semiprep column LG 33-38% over 15 min. 

MW (MALDI) calc. 2753.1; observed. 2752.8 
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BBA2: Ac-Y-T-V-0P-S-Y-T-F-S-R-S-D-E-L-A-K-L-L-R-L-H-A-G-NH2 

Analytical HPLC: tR = 28.5 min; LG 0-70% over 25 min. 

Purification : tR= 24 min: Preparative column LG 25-50% over 35 min. 

MW (ESI) calc. 2666.0; observed. 2666.1 

CD and UV Analyses 

CD and UV analyses were performed as reported in Chapter 3. Zinc 

titrations monitored by CD for ZF04 (9.9 µM, 13.5 µM) in a 1.0 cm pathlength 

cell 10 mM Tris, pH 4.5. Similar titrations were performed for BBA1 (13-170 µM) 

in either a 0.1 cm or a 1.0 cm pathlength cell. UV titration of ZF04 was 

performed in 50 mM HEPES, 9.2 µM peptide (ZF04) and 1-20 µM (BBA1) and 

analyzed as reported in Chapter 3. 

NMR Acquisition and Analysis 

Two-dimensional 1H NMR spectra of ZF04, BBAl, ZF06, and BBA2 

were obtained in both 90:10 H2O:D2O ( 6.2 mM ZF06 and 6.9 mM BBA1) and 

99.98% D2O (5.9 mM ZF06 and 5.2 mM BBA1) at 7 °C on a Varian 600 MHz 

instrument. Additional spectra were recorded for BBA2 at 17 °C. All spectra 

were collected at pH 4.5, or pD* 4.5 (uncorrected meter reading). Complete 

sequence specific assignments (see Tables 4-3, 4-4, 4-5, 4-6) for backbone and side 

chain proton were determined using TOCSY (mixing time 15 ms and 70 ms),34 

double-quantum filtered correlation spectroscopy (DQF-COSY),35 nuclear 

Overhauser spectroscopy (NOESY).12, 36 NOESY spectra were obtained for 

BBA1 (7 °C) and BBA2 (17 °C) in H2O (50, 100, 200, and 300 ms mixing times) 

and in D2O (100,200, and 300 ms mixing times) and for ZF06 in H2O (100, 200, 

and 300 ms mixing times) and in D2O (300 ms mixing time). Suppression of the 

water signal was accomplished by presaturation during the relaxation delay 
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(1.5 s). Amide variable temperature coefficients were obtained for ZF04, by the 

assignment of the amide chemical shift from examination of TOCSY experiments 

acquired at various temperatures (280,390,300, 310 K). The variation of o (ppm) 

was linear with temperature for residues reported in Table 4-1 (Figure 4-29). The 

3JaN coupling constants for BBA1 were obtained from cross peak measurements 

in a DQF-COSY spectra acquired at 25 cc to minimized the line broadening 

observed at 7 cc.
12 The exchange of amide protons for BBA1 with D2O was 

monitored by dissolving a sample of BBA1 (4.3 mg, dried from H2O) in freshly 

prepared deuterated acetate buffer (50 mM), pD 4.5 (uncorrected meter reading 

at room temperature) which was stored on ice. The sample was then placed in 

the NMR (500MHz, Bruker AMX) at 7 c c which had been shimmed on a 

similarly prepared sample of BBA1 and 1D spectra were immediately acquired. 

A watergate pulse sequence was used to suppress the residual water signal.37 

This technique is not suppressive and therefore should not contribute to the 

diminution of the amide proton signals. Each one-dimensional spectrum 

consisted of 64 transients with an acquisition time of 2 minutes. Processing and 

analysis of all spectra were done using Felix 2.3 (ZF04, BBA1, and ZF06) or 

Felix 95 (BBA2) software (Biosym Technologies, CA). 
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Residue alpha amide side chain 

Ac 1.90 
Phe1 4.654 8.282 2.966, 2.727, 7.05, 7.156, 7.223, 7.117 

Thr2 4.657 8.325 1.071, 3.98 

Val3 4.428 8.579 0.985, 2.137 

DPro4 4.437 1.817, 2.188, 1.930, 3.729 

Ser5 4.384 8.424 3.723, 3.788 

Fen6 5.307 8.687 3.522, 3.566, 7.577, 8.125, 7.89, 8.003, 
8.754, 9.069 

Thr7 4.49 8.437 1.023, 3.913 

Phe8 4.368 8.429 2.592, 2.677, 6.986, 7.10, 7.158 

Ser9 4.421 8.580 3.889, 3.797 

Arg10 4.263 8.577 1.903, 1.609, 1.753, 3.145, 7.42 

Ser11 4.245 8.482 3.917, 3.830 
Asp12 4.505 8.408 2.759, 2.675 

Glu13 4.072 8.197 2.085, 2.34 

Leu14 4.057 8.113 1.60, 0.8115 

Ala15 4.033 8.005 1.457 
Lys16 4.003 7.790 1.881, 1.651, 1.549, 1.351, 2.918, 7.661 

Leu17 4.115 7.840 1.1458, 1.795, 1.583, 0.822, 0.873 

Leu18 4.141 8.039 1.71, 1.75, 1.55, 0.8125, 0.804 
Arg19 4.182 7.812 1.872, 1.705, 1.612, 3.191, 7.289 
Leu20 4.205 7.940 1.48, 1.670, 1.596, 0.830, 0.880 

His21 4.649 8.27 3.316, 3.162 

Ala22 4.317 8.29 1.418 
Gly23 3.92 8.462 
NH2 7.28, 8.610 

Table 4-3 NMR assignment of ZF04. 11.8 mg/700 µl, 90:10 H2O:D2O, 

pH 4.5, 7 °C, referenced to dimethyl sulfoxide (o 2.72), 600 MHz. 

• 
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Residue alpha amide side chain 

Ac 1.890 
Tyr1 4.54 8.260 2.807, 2.621, 6.843, 6.560 

Thr2 4.593 8.230 1.055, 3.970 

Val3 4.391 8.479 0.970, 2.114 

DPro4 4.435 1.806, 2.167, 1.907, 3.734 

Ser5 4.388 8.365 3.728, 3.796 

Fen6 5.31 8.707 3.569, 3.494, 7.571, 8.117, 7.88, 8.10, 
8.77, 9.05 

Thr7 4.483 8.408 1.020, 3.916 

Phe8 4.346 8.417 2.674, 2.61, 6.958, 7.125, 7.108 

Ser9 4.408 8.543 3.783, 3.881 
ArglO 4.241 8.584 1.888, 1.596, 1.740, 3.137, 7.388 

Ser11 4.238 8.456 3.826, 3.903 
Asp12 4.496 8.369 2.679, 2.733 

Glu13 4.066 8.193 2.074, 2.33 

Leu14 4.057 8.128 1.59, 0.825, 0.804 
Ala15 4.035 7.989 1.450 
Lys16 3.995 7.784 1.876, 1.650, 1.540, 1.360, 2.907, 7.698 

Leu17 4.106 7.841 1.785, 1.69, 1.575, 0.8677, 0.816 

Leu18 4.138 8.033 1.741, 1.550, 0.810, 0.827 
Arg19 4.177 7.808 1.867, 1.702, 1.611, 3.188, 7.278 

Leu20 4.19 7.933 1.475, 1.67, 1.596, 0.868, 0.820 

His21 4.65 8.267 3.172, 3.314, 8.609, 7.288 

Ala22 4.317 8.277 1.411 
Gly23 3.926, 3.889 8.453 

NH2 7.51, 7.20 

Table 4-4 NMR assignment of BBAl. 13.8 mg/700 µl, 90:10 H2O:D2O, pH 4.5, 7 

°C, referenced to dioxane (o 3.74), 600 MHz. 
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Residue alpha amide side chain 

Ac 
Tyr1 4.406 8.211 2.773, 6.883, 6.582 

Thr2 4.270 8.040 1.072, 4.082 

Val3 4.313 8.124 2.008, 0.910 

Pro4 4.429 2.272, 1.883, 2.053, 1.966, 3.667, 3.938 

DSer5 4.416 8.738 3.786, 3.852 

Fen6 5.235 8.619 3.618, 3.576, 7.678, 8.308, 8.022, 8.18, 
8.797, 9.072 

Thr7 4.211 8.252 1.038, 3.998 

Phe8 4.259 8.147 2.698, 2.619, 6.980, 7.192, 7.139 

Ser9 4.352 8.334 3.833, 3.753 

Arg10 4.191 8.52 1.726, 1.855, 1.594, 1.574, 3.106, 3.148, 
7.352 

Ser11 4.239 8.400 3.893, 3.832 
Asp12 4.491 8.323 2.688, 2.635 

Glu13 4.071 8.153 2.075, 2.336 

Leu14 4.111 8.133 1.692, 1.672, 1.586, 0.858, 0.899 

Ala15 4.089 7.998 1.458 
Lys16 4.003 7.827 1.866, 1.888, 1.543, 1.650, 1.646, 2.912, 

7.638 
Leu17 4.126 7.858 1.807, 1.712, 1.601, 0.849, 0.899 

Leu18 4.169 8.026 1.745, 1.577, 0.886, 0.842 
Arg19 4.194 7.829 1.614, 1.868, 1.706, 1.59, 3.195, 7.276 

Leu20 4.201 7.944 1.488, 1.673, 0.891, 0.836 

His21 4.658 8.263 3.190, 3.326, 8.611, 7.298 

Ala22 4.314 8.273 1.417 
Gly23 3.937, 3.879 8.449 
NH2 7.50, 7.193 

Table 4-5 NMR assignment of ZF06. 12.2 mg/700 µl, 90:10 H2O:D2O, pH 4.5, 7 

°C, referenced to dioxane (8 3.74), 600 MHz. 
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Residue alpha amide side chain 

Ac 1.95 
Tyr1 4.684 8.340 2.940, 2.749, 6.71, 6.991 

Thr2 4.81 8.29 1.087, 3.98 

Val3 4.421 8.627 0.937, 2.096 

DPro4 4.440 1.951, 2.24, 2.037, 3.695 

Ser5 4.321 8.32 3.738 

Tyr6 4.606 8.354 2.805, 2.916, 6.69, 6.98 

Thr7 4.599a 8.lla 1.039, 3.879 
Phe8 4.72 8.627a 2.895, 3.095, 7.165a, 7.032 
Ser9 4.511 8.721 3.848, 3.933 

Arg10 4.355 8.51 1.788, 1.968, 1.651, 1.633, 3.20, 7.48 

Ser11 4.201 8.527 3.894, 3.799 
Asp12 4.485 8.426 2.72 

Glu13 4.059 8.108 2.085, 2.357, 2.319 

Leu14 3.961 7.946 1.55, 1.50, 1.516, 0.736, 0.757 

Ala15 3.956 7.936 1.426 
Lys16 3.974 7.667 1.865, 1.532, 1.376, 1.646, 2.91 

Leu17 4.082 7.759 1.756, 1.551, 1.662, 0.783, 0.833 
Leu18 4.089 7.998 1.69, 1.658, 0.742 
Arg19 4.158 7.777 1.874, 1.610, 1.680, 3.180, 7.237 

Leu20 4.190 7.875 1.460, 1.65, 1.59, 0.809, 0.850 

His21 4.653 8.236 3.186, 3.321, 8.582, 7.284 

Ala22 4.322 8.223 1.407 
Giy23 3.906 8.388 
NH2 7.142, 7.480 

Table 4-6 NMR assignment of BBA2. 14 mg/700 µI, 90:10 H2O:D2O, pH 4.5, 17 

°C, referenced to dioxane (o 3.74), 600 MHz. 
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- - x - - Thr 7 - - - - - y = 10.103 + -0.00595x R= 0.99968 
• • + • - Ser 9 • · • · - y = 10.157 + -0.0056x R= 0.99054 
----6- - Arg 10 - - - y = 11.318 + -0.00978x R= 0.9998 
- • • • - Ser 11- • - • - y = 9.5004 + -0.00362x R= 0.99419 

Figure 4-29 Plot of amide proton chemical shift vs temperature for ZF04. A. 

The residues in the ~-hairpin and loop regions are shown. B. (following page) 

The residues in the helix are shown. 
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temperature (K) 
0 Glu 13 -- y = 9.22 + -0.00365x R= 0.99914 

--a - Leu 14- - Y = 10.029 + -0.00683x R= 0.99884 
- ~ - Ala 15 - - - y = 8.9018 + -0.00319x R= 0.99564 
- - x - - Lys 16 - - - - - Y = 9.1121 + -0.00473x R= 0.99847 
.. + . - Leu 17 - - - · - Y = 8.7974 + -0.00342x R= 0.99857 
----6- - Leu 18 - - - y = 9.1591 + -0.00398x R= 0.9924 
- -• - - Arg 19 - - - - - Y = 8.5066 + -0.00248x R= 0.99825 
-■· -- Leu 20 - . .. - y = 9.1254 + -0.00422x R= 0.99727 
-- -•- -- His 21 -- --- -- y = 9.1081 + -0.00298x R= 0.99488 
····&- ·· - Gly 23 -·······- Y = 10.07 + -0.00573x R= 0.99884 



193 

Structure Determination 

The structure of BBAl was determined using a simulated annealing 

protocol (SA)16 implemented through Insightll NMRchitect (Biosym 

Technologies, San Diego, CA). Cross peaks in the NOESY spectra (H2O and 

D2O) were classified as strong, medium, weak, or very weak based on the 

integrated volumes at various mixing times (50, 100, and 200 ms mixing times for 

H2O spectra, 100 and 200 ms mixing times for D2O spectra). The volumes were 

fit to a linear relationship with mixing time and calibrated to volume 

measurements for cross peaks corresponding to known inter-proton distances 

derived from a number of well separated ~ protons and from several of the 

aromatic protons of the Fen ring. Each NOE category was assigned a distance 

range: strong (1.0-2.5 A), medium (1.8-3.5 A), weak (1.8-5.0 A), very weak (1.8-5.5 

A). A maximum force constant of 25 kcal mol-1 A-2 was used for all NOE 

distance restraints. Pseudoatoms were used when necessary and standard 

corrections were applied to inter-proton distances restraints involving 

pseudoatoms.12 These corrections are listed in Table 4-7. The upper bound of 

restraints for pseudoatoms defined for protons which were spectroscopically 

differentiable but not stereospecifically assigned were corrected in one of two 

manners. If both protons of the prochiral pair have restraints to the same atom 

then the restraint is collapsed to one pseudo atom and the upper bound is 

calculated exactly. If only one atom of the prochiral pair shows a restraint to a 

third atom, then a generic correction is added to the upper bound of the restraint 

which is transferred to the pseudoatom. 

The use of pseudoatoms resulted in the generation of 301 restraints from 

367 NOE volume measurements. The NOE derived restraints which were used 

in the structure generations procedure and obtained from both the D2O and H2O 

NOESY data, including the pseudoatom substitutions and corrections are listed 
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in Table 4-8. The cis praline amide conformation, accounting for approximately 

15% of the total signal was visible in the NMR spectra. NOESY cross peaks 

attributable to this conformation were omitted for the generation of restraints. 

Dihedral angle restraints were included in the SA analysis to enforce trans 

geometry of the amide bond between Val3 and DPro4. 

Group type Residues Correction 

methyl (CH3) Tor (y), Ala (P), Leu (o) 1.0 A 
methylene (CH2) Glu, Asp, Pro, Lys, Arg, Leu, Phe, Tyr, 1.0 A 

Fen (P, y, etc) 

dimethyl ((CH3)2) Val (y, y'), Leu (o, o') 2.4A 
aromatic (meta or para Tyr, Phe (£),(o) 2.oA 
protons) 

Table 4-7 Pseudoatom corrections added to the upper bounds of restraints used 

in the simulated annealing calculations. 
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Table 4-8 LB Corrected UB 
Proton 1 Proton 2 UB 
l:PHN2_6:H3 1:PHN2_6:Hl 1.800 5.000 5.000 
1:SER_5:HN l:PHN2_6:HN 1.800 3.500 3.500 
l:ALA_22:HN 1:GLY_23:HN 1.800 3.500 3.500 
l:ASP-_12:HN 1:GLU-_13:HN 1.800 3.500 3.500 
1:LEU_17:HN 1:LEU_18:HN 1.800 3.500 3.500 
1:PHN2_6:H3 1:PHN2_6:H2 1.800 3.500 3.500 
1:PHN2_6:Hl 1:PHN2_6:H2 1.800 3.500 3.500 
1:LEU_14:HN 1:ALA_l5:HN 1.800 3.500 3.500 
1:L YS+ _16:HN l:ALA_15:HN 1.800 3.500 3.500 
1:HIS+ _21:HN 1:LEU_20:HN 1.800 3.500 3.500 
1 :ARG+ _19:HN 1:LEU_20:HN 1.800 3.500 3.500 
1:PHN2_6:HN 1:PHN2_6:H7 1.800 5.000 5.000 
1:PHN2_6:H8 1:PHN2_6:H7 1.800 3.500 3.500 
1:PHE_8:HE* l:PHN2_6:H7 1.800 7.000 5.000 
1:GLY_23:HN 1 :NH2_24:HN1 1.800 5.000 5.000 
l:NH2_24:HN2 l:NH2_24:HN1 1.000 2.500 2.500 
l:HIS+ _21:HN 1:HIS+ _21:HD2 1.800 5.000 5.000 
1:PHE_8:HD* 1:PHE_8:HE* 1.000 6.500 2.500 
l:SER_9:HN l:PHE_8:HD* 1.800 7.000 5.000 
l:PHE_8:HN l:PHE_8:HD* 1.800 5.500 3.500 
l:TYR_l:HN 1:TYR_l:HD* 1.800 5.500 3.500 
1:TYR_l:HE* 1:TYR_l:HD* 1.000 6.500 2.500 
1:VAL_3:HN 1:PHN2_6:HN 1.800 5.000 5.000 
1:THR_7:HN 1:PHN2_6:HN 1.800 3.500 3.500 
1:ARG+ _19:HN 1:LEU_l8:HN 1.800 3.500 3.500 
l:THR_2:HN 1:TYR_l:HD* 1.800 7.000 5.000 
l:PHN2_6:HN 1:PHN2_6:HA 1.800 5.000 5.000 
l:HIS+ _21:HN 1:HIS+ _21:HA 1.800 3.500 3.500 
l:VAL_3:HN l:THR_2:HA 1.800 3.500 3.500 
1:THR_2:HN l:TYR_l:HA 1.800 3.500 3.500 
l:ALA_l5:HN l:ASP-_12:HA 1.800 5.000 5.000 
l:THR_7:HN l:THR_7:HA 1.800 3.500 3.500 
l:SER_5:HN l:PRO_4:HA 1.800 3.500 3.500 
l:ARG+ _10:HN 1:SER_9:HA 1.800 3.500 3.500 
1:PHN2_6:HN 1:SER_5:HA 1.800 3.500 3.500 
l:VAL_3:HN 1:VAL_3:HA 1.800 3.500 3.500 
l:PHN2_6:H2 1:PHE_8:HA 1.800 5.000 5.000 
1:SER_9:HN 1:PHE_8:HA 1.800 3.500 3.500 
l:PHE_8:HN l:PHE_8:HA 1.800 3.500 3.500 
l:GLY_23:HN l:ALA_22:HA 1.800 3.500 3.500 
1:ALA_22:HN l:ALA_22:HA 1.800 3.500 3.500 
l:ARG+ _10:HN l:ARG+ _10:HA 1.800 3.500 3.500 
1:SER_ll:HN 1:SER_ll:HA 1.800 3.500 3.500 
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Table 4-8 continued LB Corrected UB 
Proton 1 Proton2 UB 
1:ASP-_12:HN 1:SER_ll:HA 1.800 3.500 3.500 
1:HIS+ _21:HN 1:LEU_20:HA 1.800 3.500 3.500 
1:LEU_20:HN l:LEU_20:HA 1.800 3.500 3.500 
l:ARG+ _19:HN 1:ARG+ _19:HA 1.800 3.500 3.500 
1:LEU_18:HN 1:LEU_18:HA 1.800 3.500 3.500 
1:LEU_l7:HN 1:LEU_l7:HA 1.000 2.500 2.500 
l:LEU_14:HN 1:LEU_l4:HA 1.800 3.500 3.500 
1:ALA_15:HN 1:ALA_15:HA 1.800 3.500 3.500 
1:LYS+ _16:HN 1:L YS+ _16:HA 1.800 3.500 3.500 
l:THR_2:HN 1:THR_2:HB 1.800 3.500 3.500 
1:SER_5:HN 1:SER_5:HB* 1.800 3.388 3.388 
1:PHN2_6:HN 1:SER_5:HB* 1.800 4.922 4.922 
l:PHN2_6:HN 1:PHN2_6:HB* 1.800 3.388 3.388 
1:THR_7:HN 1:PHN2_6:HB* 1.800 4.923 4.923 
1:SER_ll:HA l:ALA_l5:HN 1.800 5.000 5.000 
l:THR_7:HN 1:PHN2_6:HA 1.800 3.500 3.500 
1:ARG+ _10:HN 1:SER_9:HB* 1.800 3.388 3.388 
1:SER_9:HN 1:SER_9:HB* 1.800 3.388 3.388 
1:SER_ll:HN 1:SER_ll:HB* 1.800 4.500 3.500 
1:THR_7:HN 1:THR_7:HB 1.800 3.500 3.500 
1:ASP-_12:HN l:SER_ll:HB* 1.800 4.500 3.500 
1:PHE_8:HN l:THR_2:HA 1.800 5.000 5.000 
l:PRO_4:HA l:PHN2_6:HN 1.800 5.000 5.000 
l:GLU-_13:HN 1:ASP-_12:HA 1.800 3.500 3.500 
1:PHN2_6:H7 l:PHN2_6:HA 1.800 5.000 5.000 
1:ASP-_12:HN l:ASP-_12:HA 1.800 3.500 3.500 
1:SER_9:HN 1:SER_9:HA 1.800 3.500 3.500 
l:VAL_3:HN l:THR_7:HA 1.800 3.500 3.500 
1:SER_5:HA 1:SER_5:HN 1.800 3.500 3.500 
1:LEU_l8:HN 1 :ALA_15:HA 1.800 3.500 3.500 
1:LEU_20:HN 1:LEU_17:HA 1.800 3.500 3.500 
1:GLU-_13:HN 1:GLU-_13:HA 1.800 3.500 3.500 
l:GLU-_13:HA l:LYS+ _16:HN 1.800 3.500 3.500 
1:LEU_18:HA 1:ALA_22:HN 1.800 5.000 5.000 
l:PHN2_6:H7 1:PHN2_6:HB* 1.800 3.388 3.388 
1:THR_2:HB 1:VAL_3:HN 1.800 3.500 3.500 
l:ARG+ _19:HN l:ARG+ _19:HD* 1.800 6.000 5.000 
1:HIS+ _21:HN 1:HIS+ _21:HB* 1.800 3.387 3.387 
l:TYR_l:HN l:TYR_l:HB* 1.800 3.390 3.390 
1:SER_9:HN l:PHE_8:HB* 1.800 3.390 3.390 
1:GLU-_13:HN l:GLU-_13:HG* 1.800 4.500 3.500 
1:VAL_3:HN l:VAL_3:HB 1.800 3.500 3.500 
1:GLU-_13:HN 1:GLU-_13:HB* 1.800 4.500 3.500 
1:SER_5:HN 1:PRO_4:HG* 1.800 6.000 5.000 
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Table 4-8 continued LB Corrected UB 
Proton 1 Proton2 UB 
1:TYR_l:HN 1:ACE_0:HA * 1.800 4.500 3.500 
1:ARG+ _10:HN 1:ARG+ _10:HB* 1.800 4.500 3.500 
1:SER_ll:HN 1:ARG+ _10:HB* 1.800 6.000 5.000 
1:LEU_20:HN 1:ARG+ _19:HB* 1.800 4.500 3.500 
1:SER_5:HN 1:PRO_4:HB* 1.800 4.910 4.910 
l:LEU_18:HN 1:LEU_18:HB* 1.000 3.500 2.500 
l:ARG+ _10:HN 1:ARG+ _10:HG* 1.800 3.387 3.387 
1:SER_ll:HN 1:ARG+ _10:HG* 1.800 4.922 4.922 
1:LEU_20:HN 1:LEU_20:HG 1.800 3.500 3.500 
1:HIS+ _21:HN 1:LEU_20:HG 1.800 5.500 5.000 
1:LEU_l7:HN 1:LEU_l7:HG 1.800 3.500 3.500 
l:LEU_18:HN 1:LEU_18:HG 1.800 3.500 3.500 
1:LEU_14:HN 1 :ALA_15:HB* 1.800 6.000 5.000 
1:ALA_15:HN 1:ALA_15:HB* 1.800 4.500 3.500 
1:L YS+ _16:HN 1:ALA_15:HB* 1.800 4.500 3.500 
1:GLY_23:HN l:ALA_22:HB* 1.800 6.000 5.000 
l:ALA_22:HN l:ALA_22:HB* 1.800 4.500 3.500 
1:LYS+ _16:HN 1:LYS+ _16:HD* 1.800 6.000 5.000 
l:VAL_3:HN 1:THR_2:HG2* 1.800 4.500 3.500 
l:THR_2:HN 1:THR_2:HG2* 1.800 4.500 3.500 
l:THR_7:HN 1:THR_7:HG2* 1.800 4.500 3.500 
l:TYR_l:HN l:THR_7:HG2* 1.800 6.000 5.000 
l:VAL_3:HN 1:VAL_3:HG* 1.800 5.900 3.500 
l:PHN2_6:H7 l:VAL_3:HG* 1.800 7.400 5.000 
l:HIS+ _21:HN 1: LEU _18:HD* 1.800 7.400 5.000 
l:LEU_20:HD* 1:HIS+ _21:HN 1.800 7.400 5.000 
1:LEU_l4:HD* 1:LEU_14:HN 1.800 5.058 5.058 
l:LEU_l8:HD* 1:LEU_l8:HN 1.800 4.208 4.208 
1:LEU_20:HD* l:LEU_20:HN 1.800 5.058 5.058 
1:LEU_17:HD* l:LEU_l7:HN 1.800 4.208 4.208 
1:HIS+ _21:HN 1:LEU_20:HB* 1.800 3.389 3.389 
l:ALA_15:HN 1:LEU_14:HB* 1.800 4.500 3.500 
1:L YS+ _16:HN 1:L YS+ _16:HG* 1.800 4.500 3.500 
l:L YS+ _16:HN l:LYS+ _16:HB* 1.000 3.500 2.500 
1:ARG+ _19:HN 1:ARG+ _19:HG* 1.800 3.387 3.387 
l:LEU_17:HD* 1:LEU_18:HN 1.800 7.400 5.000 
1:PHE_8:HN 1:PHE_8:HB* 1.800 3.390 3.390 
1:ASP-_12:HN 1:ASP-_12:HB* 1.800 3.389 3.389 
1:GLU-_13:HN 1:ASP-_12:HB* 1.800 3.389 3.389 
l:TYR_l:HD* l:TYR_l:HA 1.800 5.500 3.500 
1:PHE_8:HD* l:THR_7:HA 1.800 7.000 5.000 
1:PHE_8:HD* 1:PHE_8:HA 1.800 5.500 3.500 
1:PHN2_6:HA l:PHN2_6:HB* 1.800 3.388 3.388 
l:PHE_8:HE* 1:V AL_3:HG* 1.800 7.900 3.500 
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Table 4-8 continued LB Corrected UB 
Proton 1 Proton 2 UB 
1:PHE_8:HE* 1:LEU_l4:HD* 1.800 7.900 3.500 
1:ARG+ _10:HD* 1:ARG+ _10:HE 1.800 4.500 3.500 
l:ARG+ _10:HB* l:ARG+ _10:HE 1.800 6.000 5.000 
l:ARG+ _10:HG* 1:ARG+ _10:HE 1.800 4.225 4.225 
l:ARG+ _19:HB* 1:ARG+ _19:HE 1.800 6.000 5.000 
1:ARG+ _19:HG* 1:ARG+ _19:HE 1.800 4.922 4.922 
1:LEU_20:HD* 1:HIS+ _21:HD2 1.800 5.784 5.784 
l:VAL_3:HB 1:PHE_8:HE* 1.800 5.500 3.500 
1:PHE_8:HB* 1:PHE_8:HD* 1.800 5.431 5.431 
1:GLU-_13:HB* 1:PHE_8:HD* 1.800 8.000 5.000 
1:VAL_3:HG* 1:PHE_8:HD* 1.800 9.400 5.000 
1:LEU_14:HD* l:PHE_8:HD* 1.800 7.839 7.839 
1:TYR_l:HB* l:TYR_l:HD* 1.800 5.431 5.431 
1:ACE_0:HA* 1:TYR_l:HD* 1.800 8.000 5.000 
l:V AL_3:HG* l:TYR_l:HD* 1.800 9.400 5.000 
l:V AL_3:HG* l:TYR_l:HE* 1.800 9.400 5.000 
l:LEU_14:HD* l:TYR_l:HD* 1.800 7.839 7.839 
l:PHE_8:HZ l:V AL_3:HG* 1.800 7.400 5.000 
1:LEU_17:HD* 1:PHE_8:HZ 1.800 7.400 5.000 
1:LEU_l7:HD* 1:PHE_8:HE* 1.800 9.400 5.000 
l:PHE_8:HZ 1:LEU_14:HD* 1.800 5.900 3.500 
1:ARG+ _10:HA l:SER_9:HA 1.800 5.000 5.000 
1:THR_2:HA 1:THR_2:HB 1.800 3.500 3.500 
l:THR_7:HA 1:THR_7:HB 1.800 3.500 3.500 
1:SER_9:HA l:SER_9:HB* 1.800 4.500 3.500 
1:SER_ll:HA l:SER_ll:HB* 1.800 3.388 3.388 
1:LEU_l8:HA l:HIS+ _21:HB* 1.800 6.000 5.000 
1:LYS+ _16:HA 1:ARG+ _19:HD* 1.800 6.000 5.000 
l:ARG+ _19:HA 1:ARG+ _19:HD* 1.800 4.500 3.500 
l:HIS+ _21:HA l:HIS+ _21:HB* 1.800 3.387 3.387 
1:ARG+ _10:HA 1:ARG+ _10:HD* 1.800 6.000 5.000 
l:GLU-_13:HA 1:LYS+ _16:HE* 1.800 6.000 5.000 
l:TYR_l:HA 1:TYR_l:HB* 1.800 3.390 3.390 
l:ASP-_12:HA 1:ASP-_12:HB* 1.800 3.389 3.389 
l:GLU-_13:HA 1 :GLU-_13:HG* 1.800 4.500 3.500 
1:VAL_3:HA l:VAL_3:HB 1.800 3.500 3.500 
l:SER_ll:HA 1:GLU-_13:HB* 1.800 6.000 5.000 
l:GLU-_13:HA 1:GLU-_13:HB* 1.000 3.500 2.500 
l:PRO_4:HA 1:PRO_4:HG* 1.800 4.500 3.500 
1:PRO_4:HD* 1:PRO_4:HG* 1.000 4.500 2.500 
l:SER_9:HA l:ARG+ _10:HB* 1.800 4.500 3.500 
1:GLU-_13:HA 1:LYS+ _16:HB* 1.800 4.500 3.500 
l:LYS+ _16:HA 1:LYS+ _16:HB* 1.000 3.500 2.500 
l:ARG+ _19:HA 1:ARG+ _19:HB* 1.000 3.500 2.500 
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Table 4-8 continued LB Corrected UB 
Proton 1 Proton 2 UB 
1:PRO_4:HA 1:PRO_4:HB* 1.800 3.370 3.370 
1:PRO_4:HD* l:PRO_4:HB* 1.800 4.400 4.400 
1:LEU_17:HA 1:LEU_l7:HB* 1.000 2.341 2.341 
l:LEU_20:HA 1:LEU_20:HG 1.000 2.500 2.500 
l:LEU_18:HA 1:LEU_18:HG 1.000 2.500 2.500 
1:LEU_20:HA l:LEU_20:HB* 1.800 3.389 3.389 
1:ASP-_12:HA 1:ALA_l5:HB* 1.800 4.500 3.500 
1:ALA_15:HA 1:ALA_15:HB* 1.000 3.500 2.500 
1:ALA_22:HA 1:ALA_22:HB* 1.800 4.500 3.500 
1:LYS+ _16:HA 1:L YS+ _16:HD* 1.800 4.500 3.500 
1:PRO_4:HD* 1:THR_2:HG2* 1.800 7.000 5.000 
1:THR_2:HA l :THR_2:HG2* 1.800 4.500 3.500 
1:VAL_3:HA l:THR_2:HG2* 1.800 6.000 5.000 
1:THR_2:HB l:THR_2:HG2* 1.800 4.500 3.500 
1:THR_7:HA l:THR_7:HG2* 1.800 4.500 3.500 
l:THR_7:HB 1:THR_7:HG2* 1.800 4.500 3.500 
l:VAL_3:HA l:V AL_3:HG* 1.800 5.900 3.500 
1:PRO_4:HD* l:V AL_3:HG* 1.800 6.900 3.500 
1:LEU_20:HD* 1:LEU_20:HA 1.000 3.702 3.702 
1:PHE_8:HA l:PHE_8:HB* 1.800 3.390 3.390 
1:ARG+ _10:HA 1:ARG+ _10:HB* 1.800 4.500 3.500 
l:ARG+ _10:HA 1:ARG+ _10:HG* 1.800 3.387 3.387 
l:LEU_17:HA 1:LEU_17:HG 1.000 2.500 2.500 
1:LEU_14:HA 1:LEU_17:HB* 1.800 4.500 3.500 
1:ALA_15:HA l:LEU_l8:HB* 1.800 4.500 3.500 
1:L YS+ _16:HA 1:LYS+ _16:HG* 1.800 4.500 3.500 
l:LEU_l4:HD* 1:LEU_14:HA 1.800 4.208 4.208 
1:LEU_l8:HD* l:LEU_l8:HA 1.000 4.900 2.500 
1:LEU_l7:HD* 1:LEU_17:HA 1.800 4.208 4.208 
1:GLU-_13:HG* 1:GLU-_13:HB* 1.000 4.500 2.500 
1:PRO_4:HB* l:PRO_4:HG* 1.800 5.500 3.500 
1:ARG+ _19:HD* 1:ARG+ _19:HB* 1.800 5.500 3.500 
l:ARG+ _10:HB* 1:ARG+ _10:HG* 1.000 4.500 2.500 
1:ARG+ _19:HD* 1:ARG+ _19:HG* 1.000 3.934 3.934 
l:L YS+ _16:HE* l:L YS+ _16:HG* 1.800 4.413 4.413 
1:ARG+ _19:HB* 1:ARG+ _19:HG* 1.000 4.500 2.500 
1:L YS+ _16:HB* 1:ALA_15:HB* 1.800 5.500 3.500 
l:ASP-_12:HB* 1:ALA_15:HB* 1.800 7.000 5.000 
1:LYS+ _16:HB* 1:L YS+ _16:HD* 1.800 5.500 3.500 
l:L YS+ _16:HG* 1:LYS+ _16:HD* 1.000 3.934 3.934 
l:L YS+ _16:HE* 1:L YS+ _16:HD* 1.800 5.500 3.500 
1:VAL_3:HB 1:V AL_3:HG* 1.000 4.900 2.500 
1:HIS+ _21:HB* 1:LEU_20:HD* 1.800 6.900 3.500 
1:LEU_20:HD* l:LEU_20:HB* 1.800 5.263 5.263 
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Table 4-8 continued LB Corrected UB 
Proton 1 Proton 2 UB 
1:V AL_3:HG* l:LEU_18:HD* 1.000 7.300 2.500 
1:ARG+ _10:HN 1:SER_ll:HN 1.800 3.500 3.500 
l:SER_9:HN l:PHE_8:HN 1.800 3.500 3.500 
1:VAL_3:HN 1:PRO_4:HD* 1.800 6.000 5.000 
l:LEU_l4:HN l:GLU-_13:HB* 1.800 4.500 3.500 
1:LEU_20:HN 1:LEU_20:HB* 1.800 3.389 3.389 
l:LEU_14:HN l:GLU-_13:HG* 1.800 6.000 5.000 
1:ALA_15:HN 1:GLU-_13:HB* 1.800 6.000 5.000 
l:PHE_8:HE* 1:PHN2_6:HB* 1.800 6.945 6.945 
l:PHE_8:HD* l:ACE_0:HA * 1.800 8.000 5.000 
1:TYR_l:HE* 1:ACE_0:HA * 1.800 8.000 5.000 
l:TYR_l:HE* l:TYR_l:HB* 1.800 6.946 6.946 
1:SER_5:HA 1:SER_5:HB* 1.000 2.341 2.341 
1:GLU-_13:HB* 1:ASP-_12:HA 1.800 6.000 5.000 
1:VAL_3:HB 1:PRO_4:HD* 1.800 4.500 3.500 
1:THR_2:HA 1:V AL_3:HG* 1.800 7.400 5.000 
l:GLU-_13:HA 1:LYS+ _16:HD* 1.800 6.000 5.000 
l:LEU_l4:HD* 1:PHE_8:HB* 1.800 6.816 6.816 
1:LEU_17:HD* l:GLU-_13:HB* 1.800 6.816 6.816 
1:PHN2_6:HA 1:TYR_l:HD* 1.800 7.000 5.000 
1:HIS+ _21:HB* 1:HIS+ _21:HD2 1.800 4.922 4.922 
l:LEU_l4:HD* l:TYR_l:HE* 1.800 9.400 5.000 
l:THR_7:HA l:THR_2:HA 1.000 2.500 2.500 
1:ASP-_12:HA 1:GLU-_13:HA 1.800 5.000 5.000 
l:ARG+ _19:HA 1:ALA_22:HB* 1.800 6.000 5.000 
1:LEU_l8:HD* 1:HIS+ _21:HB* 1.800 8.400 5.000 
1:LYS+ _16:HG* 1 :GLU-_13:HB* 1.800 7.000 5.000 
1:PHE_8:HD* 1:PHN2_6:H7 1.800 7.000 5.000 
1:PHE_8:HE* 1:PHN2_6:H8 1.800 7.000 5.000 
l:PHE_8:HD* 1:PHN2_6:H8 1.800 7.000 5.000 
1:PHE_8:HE* 1:TYR_l:HE* 1.800 9.000 5.000 
l:PHE_8:HD* 1:TYR_l:HE* 1.800 9.000 5.000 
1 :PHE_8:HE* 1:TYR_l:HD* 1.800 9.000 5.000 
1:PHE_8:HD* l:TYR_l:HD* 1.800 9.000 5.000 
l:PHE_8:HZ l:PHN2_6:H7 1.800 5.000 5.000 
1:PHN2_6:HA l:PHE_8:HD* 1.800 7.000 5.000 
l:PHN2_6:HA 1:PHE_8:HE* 1.800 7.000 5.000 
l:PHN2_6:HB* 1:PHN2_6:H8 1.800 4.923 4.923 
l:PHE_8:HZ l:PHN2_6:HB* 1.800 5.000 5.000 
l:PHE_8:HD* l:PHN2_6:HB* 1.800 6.945 6.945 
1:PHE_8:HD* l:THR_2:HA 1.800 7.000 5.000 
l:TYR_l:HD* l:THR_2:HA 1.800 7.000 5.000 
1:PHE_8:HE* 1:PHE_8:HA 1.800 7.000 5.000 
l:PHE_8:HE* 1:LEU_14:HA 1.800 7.000 5.000 
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Table 4-8 continued LB Corrected UB 
Proton 1 Proton 2 UB 
1:HIS+ _21:HA l:HIS+ _21:HD2 1.800 5.000 5.000 
1:LEU_17:HA 1:HIS+ _21:HD2 1.800 5.000 5.000 
l:THR_2:HA 1:PHE_8:HE* 1.800 7.000 5.000 
l:THR_7:HA 1:PHE_8:HE* 1.800 7.000 5.000 
1:LEU_l4:HA l:PHE_8:HD* 1.800 7.000 5.000 
l:TYR_l:HA l:TYR_l:HE* 1.800 7.000 5.000 
l:THR_7:HA 1:PHN2_6:HA 1.800 5.000 5.000 
1:SER_5:HA 1:PHN2_6:HA 1.800 5.000 5.000 
1:PHE_8:HE* 1:GLU-_13:HG* 1.800 8.000 5.000 
1:PHE_8:HD* 1:GLU-_13:HG* 1.800 8.000 5.000 
1:PHE_8:HB* 1:PHE_8:HE* 1.800 8.000 5.000 
1:VAL_3:HB l:PHN2_6:H7 1.800 5.500 5.000 
1:ALA_15:HB* l:TYR_l:HE* 1.800 8.000 5.000 
l:LEU_20:HA l:HIS+ _21:HA 1.800 5.000 5.000 
1:SER_ll:HA 1:ASP-_12:HA 1.800 5.000 5.000 
l:PHE_8:HA l:THR_7:HA 1.800 5.000 3.500 
1:ALA_22:HA 1:HIS+ _21:HA 1.800 5.000 5.000 
1:PRO_4:HD* l:THR_2:HA 1.800 6.000 5.000 
l:VAL_3:HA l:THR_2:HB 1.800 5.000 5.000 
1:SER_9:HB* 1:ASP-_12:HB* 1.800 5.537 5.537 
1:GLU-_13:HA 1:ASP-_12:HB* 1.800 6.000 5.000 
1:L YS+ _16:HE* 1:LYS+ _16:HA 1.800 6.000 5.000 
l:ARG+ _10:HA l:GLU-_13:HG* 1.800 6.000 5.000 
1:ACE_0:HA * l:TYR_l:HA 1.800 6.000 5.000 
l:SER_l 1:HA 1:ALA_15:HB* 1.800 6.000 5.000 
l:V AL_3:HG* l:PHN2_6:HB* 1.800 7.348 7.348 
1:VAL_3:HB 1:PHN2_6:HB* 1.800 5.000 5.000 
1:LYS+ _16:HB* l:L YS+ _16:HE* 1.800 7.000 5.000 
l:VAL_3:HG* l:PHE_8:HB* 1.800 8.400 5.000 
1:LEU_17:HD* 1:GLU-_13:HG* 1.800 6.089 6.089 
l:PRO_4:HG* l:THR_2:HG2* 1.800 7.000 5.000 
l:PRO_4:HG* l:V AL_3:HG* 1.800 8.400 5.000 
l:ACE_0:HA * 1:THR_7:HG2* 1.800 7.000 5.000 
l:LEU_l4:HA l:PHE_8:HZ 1.800 5.500 5.000 
l:THR_7:HG2* l:PHN2_6:HA 1.800 6.000 5.000 
l:PHE_8:HA l:GLU-_13:HB* 1.800 6.000 5.000 
l:TYR_l:HD* 1:SER_9:HA 1.800 7.000 5.000 
1:PHE_8:HD* l:TYR_l:HB* 1.800 8.000 5.000 

Table 4-8 List of restraints used in the structure generation process. The upper 

bound (UB) and lower bound (LB) are given. The corrected UB results from the 

use of pseudo atom corrections. 
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NOE restrained molecular dynamics and simulated annealing were 

carried out in four stages; 1. Preparation (including randomization of the initial 

coordinates), 2. Folding, 3. Annealing, and 4. Final Minimization. The folding 

stage consist of 3 steps of dynamics at 1000 K. In each step, the force constants 

are scaled to a fraction of their total value. The first step involves scaling the 

NMR derived force constant to 1.0 times its total value over 30 ps of dynamics, 

while the force constants for the non-bonded (NB) and the covalent (Cov.) 

interactions are maintained at a small fraction of their total value. In the second 

stage (10 ps) the covalent force constants are similarly scaled. In the last step (40 

ps) the non-bonded force constants are scaled to a quarter of their total value 

while the NMR derived force constants are doubled. The folding stages are 

followed by a gradual cooling or annealing of the structure. The temperature is 

cooled in a geometric progression consisting of 5 steps of 4 ps dynamics. The 

final stage of the procedure in a series of four minimizations. In the last two of 

these minimizations the force constants for all terms of the energy equation are 

maintained at their total values These stages are delineated in Table 4-9 and 

described graphically in Figure 4-9. 
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Stage Step Procedurea Force constantsb Length Temp 

(K) 
Preparation randomize all 0.000001 100 1000 

1 1 coordinates iterations 
1 2 minimization all 0.000001 500 1000 

iterations 
Folding 1 Dynamics NMR 0.001➔1.0 30 ps 1000 

2 Scale: Chiral 0.001➔0.15 
NMR 

Cov. 0.0002➔0.15 

2 2 Covalent Cov. 0.15➔1.0 10 ps 1000 
(Cov.) Chiral 0.15➔1.0 

NB 0.001 ➔0.015 

2 3 Non-bonds NB 0 .015➔0.25 40 ps 1000 
(NB) NMR 1.0➔2.0 

Annealing dynamics 2.0NMR 
3 1 1.0 Cov. 4 ps 650 

0.25 NB 
3 2 dynamics same as above 4ps 475 
3 3 dynamics same as above 4 ps 385 
3 4 dynamics same as above 4 ps 340 
3 5 dynamics same as above 4ps 300 
4 1 minimization same as above 100 300 

iterations 
4 2 minimization same as above 500 300 

iterations 
4 3 minimization l.0NMR 100 300 

l.0Cov. iterations 
l.0NB 

4 4 minimization same as above 1500 300 
iterations 

Table 4-9 The stages of NOE-restrained simulated annealing used in the 

structure generation process. a The force constant which is scaled in the step 

listed for stage 2 is given. b The values given are the coefficients of the total force 

constants used in the step of the protocol. For dynamics runs in step 2 the value 

is scaled from the initial to the final (initial➔final) value over the duration of the 

dynamics. In minimizations and simulated annealing dynamics the value is 

constant. 



204 

Using this procedure, 45 structures were generated, 29 of which 

converged to a common fold and were considered for further analysis. The 

remaining 16 structures had high energies and significant restraint violations. A 

success rate of ~70% is typical for such a procedure.16 

RMSD analysis of these final structures was accomplished by 

superimposing all 29 structures to a structure with the lowest NMR derived 

energy based on the backbone atoms of residues 1-22. The N-terminal acetyl cap 

and the C-terminal glycine were left out of the calculation since they appear 

disordered in the NMR structure. The RMSD for the backbone atoms or all 

heavy atoms from the average structure was then calculated for each structure 

and averaged. A similar analysis was performed using the backbone or heavy 

atoms of residues 1-22. 

All structures were analyzed for the presence of hydrogen bonding 

interactions. A backbone - backbone hydrogen bond was defined if the amide 

proton was within 2.5 A of the oxygen of an amide carbonyl, and the angle was 

greater than 120°. The results of this analysis are summarized in Table 4-10. 

Although there appears to be a break in the H-bonding pattern of the helix at 

position 15 inspection of several structures indicated that for many structures the 

amide proton was just outside the range (2.5A) defined for an H-bonding 

interaction. Partial overlap of the amide resonances for Lys16 and Arg19 

prevented the identification a few crucial NOEs (daN(i, i+3) and da~(i, i+3)) 

indicative of helix formation, although the surrounding NOEs adequately define 

the length of the helix. 
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acceptor donor fraction ( of 29) 

Helix: 

12 (CO) 16 (NH) 15/29 

13 (CO) 17 (NH) 22/29 

14 (CO) 18 (NH) 28/29 

15 (CO) 19 (NH) 2/29 

16 (CO) 20 (NH) 6/29 

17 (CO) 21 (NH) 27/29 

18 (CO) 22 (NH) 2/29 

Sheet/Tum: 

3 (CO) 6 (NH) 27/29 

6 (CO) 3 (NH) 6/29 

Table 4-10 Hydrogen bonding interactions in the 29 NMR-derived 

structures of BBAl. 

ANS Binding experiments 

ANS titration experiments were performed in either 50 mM HEPES, pH 

8.25 or 20 mM acetate pH 4.5. Aliquots of ANS in water (1-6 µl) were added to 

the 700 µl sample, and the fluorescence spectrum acquired between additions. 

Emission spectra were recorded with excitation at 370 nm. An identical 

experiment was performed in the absence of peptide. ANS titrations of the 

BBA1-Zn2+ complex were performed at pH 8.25, after the addition of 2 

equivalents of ZnCl2. 
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Chapter 5 

Design and evaluation of a metallopeptide regulatory 

motif for cAMP-dependent protein kinase 
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Introduction 

Enzymes turnover large amounts of substrate with unsurpassed efficiency 

and selectivity. Several enzymes operate under the allosteric control of small 

molecule metabolites, allowing natural systems to respond quickly to slight 

variations in metabolite levels. This "bio-amplification" could be exploited for 

the development of a metallo-biosensor. By targeting enzymes which operate on 

peptidyl substrates, metal dependent control of enzyme activity could be 

achieved through the creation of a regulatory metallo-peptide of de nova design. 

If the metal binding event could be coupled to the inhibition of the target enzyme 

then a sensitive detection method could be developed. 

The basic approach to protein design adopted by this lab involves the use 

of defined ~-turns and unnatural amino acids to modulate the structural and 

functional properties of synthetic polypeptides. The previous chapters discussed 

the use of these concepts in the creation of an independently folded polypeptide 

motif, the structure of which was not dependent on metal ligation. Using these 

same concepts but in a converse approach the construction of a small peptide the 

folding of which is metal dependent, was undertaken. The architecture of a type II 

~-turn was used in conjunction with an unnatural, bidentate metal-ligating amino 

acid to create a multidentate metal binding site within a peptide of de nova 

design. This motif could then be programmed to regulate the activity of enzyme 

systems that bind peptidyl substrates. Regulatory function would be 

accomplished through the metal-dependent folding of a enzyme inhibitor into a 

conformation not recognized by the enzyme. The system was geared towards 

enzymes which bind peptidyl substrates (and inhibitors) in an extended 

conformation. The target inhibitor motif was anticipated to adopt ( or be able to 

adopt) an extended conformation in the absence of metal, thereby inhibiting the 

enzyme (Figure 5-1). Addition of metal to the system would constrain the 
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inhibitor into an non-extended conformation, thereby down regluating the 

inhibitory properties of the peptide. 

A. 

B. 
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Figure 5-1 Schematic representation of the proposed metal dependent regulatory 

peptide. A. Inhibition of the target enzyme is metal dependent. B. The 

regulatory peptide utilizes a ~~ topology for the creation of a multidentate metal 

ligation site. Meal binding modulates its conformation and inhibitory properties. 
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The versatility of the peptide architecture enables the utilization of a 

modular approach in the construction of the desired motif. The ideal motif was 

envisioned to consist of three modules: A N-terminal bidentate metal binding 

region, the linker or inhibitory region, and the C-terminal metal binding residue. 

The N-terminal region would consist of a bidentate site is created from two 

monodentate ligands through the architecture of a type II ~-turn, while a single 

unnatural metal binding region would supply bidentate functionality at the C­

terminus. The linker region would contain an inhibitory sequence for the target 

enzyme. The regulatory peptide (Figure 5-lB) would therefore be adaptable to a 

variety enzyme systems and metal ions, by varying the inhibitor linker region or 

the three amino acids involved in metal ligation. Initial work on this project by 

Dr. Stewart Fisher in the lmperiali group involved the assembly of the metal 

ligating "pieces" of the regulatory peptide: synthesis of the unnatural bidentate 

amino acid and the development of stable type II ~-turns incorporating 

monodentate amino acids.I The C-terminal unnatural bidentate metal ligating 

residue chosen was (S)-2-a-amino-3-(2,2'-bipyrid-4-yl) propanoic acid (4Bpa).2 

This residue provides sterically unconstrained access to the N,N-chelation moiety 

and has been successfully incorporated into peptides (Figure 5-2B). I The 

sequence -Bmc-Pro-DSer-His- (Bmc = ~-methyl cysteine) was used to create the 

N-terminal metal binding region. This sequence has been previously shown to 

adopt a solution conformation consistent with type II tum formation.I The use of 

the ~-branched, unnatural thiol-containing amino acid was necessitated by the 

steric preferences for a ~-branched amino acid at position (i) of a type II reverse 

tum.3 The turn motif was used to place the thiol and imidazole moieties of the 

Bmc and His residues, respectively, in close proximity and create a metal binding 

site with high metal binding affinity (Figure 5-2A). 
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Ac-Bmc-Pro-DSer-His-Ala-Ala-Ala-Ala-Ala-4Bpa-Phe-NH2. 
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Figure 5-2 Metal binding regions of the regulatory metallo-peptide design. A. 

The N-terminal metal binding region consisting of p-methyl cysteine at position 

(i) and histidine at position (i+3) of a type II p-turn. B. The C-terminal metal 

binding ligand, 4Bpa and the structure of P-methyl cysteine (Bmc). C. The 

sequence of the metal switch prototype LSWl. 
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The feasibility of the proposed motif was demonstrated in the design and 

synthesis of a prototype for the desired metal dependent regulatory "switch" 

peptide, LSWl. This peptide incorporated the N- and C-terminal metal binding 

regions (Figure 5-2) connected by a flexible alanine linker connecting the N- and 

C-terminal metal ligating residues (Figure 5-2 C). 

The metal binding properties of LSWl were evaluated by Dr. Stewart 

Fisher to determine if the cooperative formation of a metal binding site involved 

both the N- and C-terminal ligating residues as desired.I Data on metal binding 

for peptides incorporating 4Bpa is easily obtained by monitoring the changes in 

the 1t-1t* transition of the chromophore in the UV spectrum of the bipyridyl 

moiety.I, 4 This peptide binds metals, Co2+, Cu2+, and Zn2+ with sub­

micromolar dissociation constants and the peptide-metal complex appears 

monomeric at peptide concentrations below 100 µM.I Additional evidence for 

the participation of the Bmc group in metal ligation within this peptide was 

provided by the observation of a ligand-to-metal charge transfer band 

(Amax=385nm) in a UV titration of the peptide with Co2+.I A combination of UV 

and EPR studies suggested peptide LSWl formed a high spin octahedral 

complex involving the Bmc and 4Bpa amino acids. Although no direct evidence 

for the involvement of the histidine residue could be obtained, it was assumed 

that this residue was also involved in metal coordination.I The prototype 

peptide LSWl demonstrated the feasibility of creating the desired metal site 

within a peptide. Now it remained to design the linker region to include an 

inhibitory sequence for an enzyme which has been shown to bind inhibitors and 

substrates in an extended conformation. 

The enzyme system chosen for regulation was cAMP dependent protein 

kinase (PK). PK catalyses the transfer of a phosphoryl group from ATP to the 

serine of many protein substrates (Figure 5-3A) and has been well 
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characterized.51 6 The enzyme consists of two associated subunits in a tetrameric 

protein and is inactive until the binding of cAMP by the regulatory subunit 

causes the dissociation of the catalytic subunits (Figure 5-3B).5' 6 The catalytic 

subunit can be successfully purified and retains activity.7 The consensus 

substrate sequence for phosphorylation comprises five residues. The 

phosphorylated serine must be separated by one residue from a pair of arginines 

(Figure 5-3C).6 Peptidyl inhibitors for this enzyme are easily generated by the 

substitution of alanine for the serine in the consensus substrate sequence (Figure 

5-3D).8 

A crystal structure of the catalytic subunit of cAMP dependent protein 

kinase bound to a peptidyl inhibitor reveals that the enzyme binds inhibitors and 

substrates in an extended conformation in the region of the consensus sequence.9' 

10 The inhibitor bound to the active site in this structure is a fragment of a very 

potent natural inhibitor for this enzyme, residues 5-24 of PKI (heat stable protein 

kinase inhibitor). This fragment exhibits inhibitory constants (Ki) in the 

nanomolar range.11 If this peptide is truncated further, inhibitors with Kis 

ranging from nanomolar to high micromolar can be generated.11 

Metal-dependent regulation of this enzyme system presents exciting 

opportunities for signal amplification. Several enzymes require phosphorylation 

by cAMP-dependent PK to be active.6 The use of a metal-dependent inhibitor of 

the catalytic subunit of c-AMP dependent protein kinase could be employed in 

the control of an enzymatic cascade which could lead to significant signal 

amplification. This metal dependent regulation of this cascade is illustrated 

schematically in Figure 5-4. 
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Figure 5-3 A. The catalytic subunit catalyses the phosphorylation of a 

serine residue within a protein. B. Binding of the regulatory subunit of cAMP 

dependent protein kinase releases the catalytic subunit. C. The consensus 

substrate sequence for cAMP dependent protein kinase. D. The consensus 

inhibitor sequence for cAMP dependent protein kinase. 
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cAMP dependent protein kinase (PK). 
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Results 

Two different metal binding peptides were synthesized as inhibitors for 

the catalytic subunit of cAMP-dependent protein kinase (PK). The initial design 

(MSWl) included a seven residue inhibitory linker region between the N- and C­

terminal metal binding regions. A side product in the synthesis of MSWl was 

peptide DMWl in which the.N-terminal Bmc residue was missing. This peptide 

served as a useful control to gauge the effect of the Bmc residue on the metal 

binding and inhibitory properties of MSWl. Based on the analysis of the metal 

binding and inhibitory properties of these peptides an additional construct in 

which the linker region was shortened to five residues was synthesized. These 

peptides are listed in Table 5-1 

Peptide 

MSWl 

DMWl 

MSW2 

LSW11 

Sequence 

Ac-Bmc-P-DS-H-T-G-R-R-N-A-I-4Bpa-F-NH2 

Ac-P-DS-H-T-G-R-R-N-A-I-4Bpa-F-NH2 

Ac-Bmc-P-DS-H-R-R-N-A-I-4Bpa-F-NH2 

Ac-Bmc-P-DS-H-A-A-A-A-A-4Bpa-F-NH2 

Table 5-1 The sequences of the peptides assembled and analyzed in the 

development of a metal dependent inhibitory peptide for cAMP­

dependent protein kinase. The inhibitory-linker regions are highlighted. 

Design of an Inhibitory Linker Region 

The first design of a metal-dependent inhibitor (metal switch) for cAMP­

dependent protein kinase employed the metal binding regions previously 

optimized by Stewart Fisher.1 The inhibitory (linker) region was chosen on the 
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basis of data reported for various fragments of the naturally occurring inhibitor 

PKI. 

The prototype peptide LSWl exhibited monomeric binding with Zn2+ and 

Co2+ at peptide concentrations below 100 µM. An inhibition constant for the 

metal switch in the 1-20 µM range would allow the use of a inhibitor 

concentrations below the 100 µM limit for monomeric metal binding, and 

produce significant inhibition. Therefore, the regulatory peptide should ideally 

have a inhibition constant (Ki) of approximately 1-20uM. A 5-8 residue linker 

was desirable for construction of the metal switch peptide. It was anticipated 

that a linker of this length would allow for sufficient constraint of peptide 

conformation upon metal binding to disrupt enzyme inhibition. In this respect, a 

study by Glass et al. determined the inhibition constants of a variety of peptides 

of diverse lengths based on the inhibitor PKI.11 Although all of the fragments 

studied were longer than 5-8 residues, the Kis of shorter fragments could be 

estimated from the data reported . Based on this analysis a seven residue 

fragment of PKI (T-G-R-R-N-A-1) was chosen to replace the (Ala)s linker used in 

the LSWl prototype. The Ki of this sequence was estimated from the data 

presented in Table 1 to be between 1-10 µM. 
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Inhibitor sequence Ki (nm) 

T-T-Y-A-D-F-I-A-S-G-R-T-G-R-R-N-A-I-H-D-NH2 (PKIS-24) 2.3 

A-S-G-R-T-G-R-R-N-A-I-H-D-NH2 119 

T-G-R-R-N-A-I-H-D-NH2 1250 

G-R-T-G-R-R-N-A-I-NH2 36 

G-R-T-G-R-R-N-A-I-H-D-NH2 57 

-T-G-R-R-N-A-I- 1-10 µM? 

Table 5-2. The inhibitory constants of fragments of PKI, adapted from Glass et 

al.11 The consensus inhibition sequence is highlighted. 

To test the inhibitory potential of the chosen sequence (-T-G-R-R-N-A-I-) 

the corresponding acetyl- and amide-capped kinase inhibitor Kil (Ac-T-G-R-R­

N-A-I-NH2) was synthesized. The Ki of this peptide for the catalytic subunit of c­

AMP dependent protein kinase (PK) was estimated from the fractional 

inhibition12 at two different inhibitor concentrations to be 6.7 ± 1.3 µM. The 

value obtained for Ki is within the range (1 - 10 µM) estimated on the basis of 

values for peptides containing this sequence (see Table 5-2). 

The first design of a kinase metal switch peptide (MSWl) incorporated 

this seven residue sequence of Kil in place of the five residue alanine linker 

found in prototype LSWl. As in the prototype sequence, the C-terminal metal 

binding region consisted of a 4Bpa-Phe sequence. These residues replace the 

His-Asp sequence in the native PKI inhibitor. Since these C-terminal residues are 

not essential for inhibition by PKI fragments,1 1 (Table 5-2) and are rather poorly 

defined in the crystal structure, this substitution was not expected to interfere 
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with the inhibitory potential of this sequence. The N-terminal region consisted of 

the two metal binding amino acids Bmc1 and His3 flanking the type II turn 

inducing sequence Pro-oSer, as was present in the prototype LSWl. 

MSWl: Ac-Bmc-Pro-DSer-His-Thr-Gly-Arg-Arg-Asn-Ala-Ile-4Byp-Phe-NH2 

Metal Binding Properties of Peptide MSWl 

The metal binding properties of MSWl were characterized with two 

divalent transition metals, Zn2+ and Co2+. Initial attempts to characterize the 

binding to Cu2+ were complicated by interfering UV absorbance that was 

attributed to the presence of Cu2+ hydroxide complexes. Metal titrations were 

performed by monitoring the red shift in the 1t-1t* absorbance of the bipyridinyl 

moiety of the 4Bpa residue, at pH 7.5, 12 mM KCl (conditions which match those 

used in the PK assay). In particular the decrease of absorbance at 275 nm and the 

concurrent appearance of a new maximum at 310 nm indicated metal chelation 

by the 4Bpa residue (Figure 5-SA).1 Titration of MSWl with ZnCb did not yield 

well defined isosbestic points, indicating the presence of multiple equilibria in 

the metal titration (Figure 5-SB). 
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Figure 5-5 Titration of MSWl with ZnCb. A. Absorbance spectra for the 

titration of MSWl with Zn2+. B. Expansion of the titration plot illustrating the 

lack of isosbestic points. (18.2 µM MSWl, 20 mM HEPES, pH 7.5, 12 mM KCl) 



224 

Three potentially competing metal binding equilibria are illustrated in 

Figure 5-6. Equilibrium 1 represents the desired 1:1 complex formation. The 

second equilibrium (2) represents a net 1:1 stoichiometry due to formation of a 

2:2 complex. Formation of the latter would involve dimerization of a pair of 

peptides binding two metal cations. However, the formation of a 2:2 dimeric 

complex is unlikely, as electrospray mass spectral analysis of the prototype 

LSWl indicated only the formation of a monomeric 1:1 species, and a very small 

amounts of 2:1 complexes at low peptide concentrations (20 µM) . A third 

possible equilibria involves formation of a 2:1 peptide:Zn2+ complex. The 

presence of multiple species due to competing equilibria (1:1, 2:1, and 2:2) could 

be responsible for the lack of isosbestic points observed in the Zn2+ titration. 

1) Peptide + M2
+ 

2) 2 Peptide + 2 M2+ 

3) 2 Peptide + M2+ 

1 :1 Complex 

(Peph•(M2+h 2:2 Complex 

(Peph•(M2+) 2:1 Complex 

Figure 5-6 Proposed equilibria for the formation of MSWl-metal complexes. 

While the binding isotherm indicated that overall stoichiometry of 

complex formation was 1:1, unusual behavior was noted at low metal 

concentrations (Figure 5-7). The absorbance of the bipyridyl moiety in the 

presence of 0.5 equivalents of Zn2+ was significantly greater than one half the 

total absorbance change. This result suggested that a 2:1 peptide:Zn2+ complex 

(Figure 5-6, 3) was formed at low metal concentrations. A 1:1 complex may have 
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formed upon the addition of an equivalent of metal (Figure 5-6, 1). The lack of 

isosbestic points in the Zn2+ titrations probably resulted from the presence of 

both 1:1 and 2:1 peptide:Zn2+ complexes at sub-equimolar Zn2+ concentrations. 

An estimate of the dissociation constant of MSWl for Zn2+ was obtained using 

an iterative method based on the Scott equation13 (Ko= 0.35 µM). This value is 

only an estimate since the calculation is based on a two-state equilibrium, which 

appears to be only partially valid for this peptide. 
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Figure 5-7 Absorbance binding isotherm for the titration of MSWl (18.7µM) 

with ZnCl2. (pH 7.5, 20 mM HEPES, 12 mM KCl) 
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Titration of MSWl with CoC}i also did not exhibit well defined isosbestic 

points (Figure 5-8). Unlike the Zn2+ titration (Figure 5-5B), the spectra exhibited 

an increase in the absorbance of the 4Bpa residue at both 275 nm and 310 nm, 

upon the initial additions of Co2+ (Figure 5-8). Further additions of Co2+ resulted 

in the expected decrease in absorbance at 275 - 280 nm and a concurrent increase 

at 310 nm. Additionally, an isosbestic point at 290 nm was observed only after 

the initial addition of 0.15 equivalents. The absorbance at 310 nm was 

approximately 85% of the saturation level after the addition of 0.5 equivalents of 

C0Cl2. These data suggested that the peptide initially formed a 2:1 peptide-Co2+ 

complex which equilibrated to a mixture of 1:1 and 2:2 peptide-Co2+ complexes 

at higher metal concentrations. 

A weak broad absorbance (340 - 380 nm) was observed in the Co2+ 

titration of MSWl (Figure 5-9). A similar band (Amax= 385 nm) was observed in 

the Co2+ titration of the prototype LSWl, and was attributed to a ligand-to-metal 

charge transfer (LMCT) band between Co2+ and the thiol ligand (Bmcl).1 The 

binding isotherms at this wavelength resembled those obtained by monitoring 

the red-shifted bipyridyl absorbance at 310 nm (Figure 5-9). In contrast, no 

absorbance at this wavelength was detected in the absorbance spectrum of the 

MSW1-Zn2+ complex (Figure 5-10). This result provides direct evidence for the 

participation of Bmc in the coordination sphere of Co2+, bound to peptide 

MSWl. These data also suggested that the peptide forms a 2:1 complex, which 

involved both the 4Bpa and the Bmc residues. This complex may have 

equilibrated to a 1:1 complex as multiple equivalents of Co2+ levels were added. 

A 2:1 peptide:Co2+ complex involving both the bipyridyl (4Bpa) and thiol (Bmc) 

functionalities would have a saturated coordination sphere, eliminating the 

possibility of the participation of histidine in complex formation. 
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Figure 5-8 A. Absorbance spectra of the titration of MSWl with C0Cl2. B. 

Expansion plot of the titration of MSWl (8.6 µM) with CoC}i. (pH 7.5, 20 mM 

HEPES, 12mM KCl) 
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Figure 5-10 Molar extinction coefficient spectra of the MSW1-Co2+ (solid line) 

and MSW1-Zn2+ (dashed line) complexes. (3 equivalents of ZnCl2 or C0Cl2, pH 

7.5, 20 mM HEPES, 12 mM KCl) 
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Characterization of Metal Binding Properties of Peptide DMW1 

Poor coupling of the ~-branched unnatural amino acid during the 

synthesis of MSWl, resulted in the production of a N-terminal deletion peptide 

DMWl. Mass spectral analysis confirmed that the N-terminal Bmc residue was 

not present in this peptide. DMWl, therefore, contained only the 4Bpa and His 

metal ligating residues. Peptide DMWl therefore served as a fortuitous control 

peptide to determine the specific effects of the Bmc residue on the metal binding 

properties of MSWl. 

DMWl: Ac-Pro-oSer-His-Thr-Gly-Arg-Arg-Asn-Ile-4Bpa-Phe-NH2 

Unlike the multiple equilibria observed for MSWl, Zn2+ and Co2+ 

titrations of DMWl exhibited well defined isosbestic points indicative of a two­

state equilibrium. Binding isotherms for both metal titrations suggested 1:1 

complex formation (Figure 5-11 and 5-12). Notably, the Co2+ titration of peptide 

DMWl did not exhibit the broad absorbance band in the 340 - 380 nm range 

observed for the MSW1-Co2+ complex (Figure 5-12). The extinction coefficient 

for DMWl at 340 nm was independent of Co2+ concentration (£ ~ 500 M-lcm-1, 

Figure 5-13). In contrast, the extinction coefficient of MSWl at 340 nm increased 

from ~ 500 M-1c m-1 to 1250 M-lc m-1 upon formation of the MSW1-Co2+ 

complex, which further supported the assignment of this absorbance to a thiol 

LMCT band. Dissociation constants were determined for both Zn2+ (Ko = 10 

µM) and Co2+ binding (Ko= 5.5 µM). 

The values for the dissociation constants of the DMW1-Zn2+ and Co2+ 

complexes were very similar to those previously obtained for peptides which 

contained the 4Bpa residue as the only metal ligation functionality. 1 This 

comparison implied that metal binding in peptide DMWl did not involve 

coordination of the N-terminal histidine residue. 
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Figure 5-11 A. Absorbance spectra for the titration of DMWl with ZnCb. B. 
Binding isotherm for the titration of DMWl (9µM) with ZnCl2. (pH 7.5, 20 mM 

HEPES, 12mM KCl) 



0.15 

Cl) g 0.1 
ca .c 
a.. 
0 
ti) 

~ 0.05 

0 

232 

A 

260 280 300 320 340 360 380 400 420 

A (nm) 

B 
0.12 --------------~ 

0 310 nm 
0.1 - D D 275 nm 

D 
Cl) D u 

0 0 
C 0.08 - D 0 ca D 

0 .c E3 a.. 

0 0 

i 0.06 - D 
D 

0 D D .c 0 

~ 
0 

0.04 -
D D 

0 

0.02 
I I I I 

0 0.5 1 1.5 2 2.5 

[Co]/[pep] 

Figure 5-12 A. Absorbance spectra for the titration of DMWl with CoC}i. B. 

Binding isotherm for the titration of DMWl (9µM) with CoC}i. (pH 7.5, 20 mM 
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Figure 5-13 A. Comparison of the extinction coefficient spectra of the MSW1-

Co2+ complex (8.6 µM MSWl, 3 eq. CoC!i) and the DMW1-Co2+ complex (9.0 

µM DMWl, 2.8 eq. CoCb). B. Isotherms at 340 nm (LMCT band) for titrations of 

MSWl and DMWl with CoCh. (pH 7.5, 20 mM HEPES, 12 mM KCl). 
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Characterization of the Metal Binding Properties of MSW2 

In the second metal switch design (MSW2), the linker region was 

shortened by two residues to include only the essential five residue consensus 

sequence (R-R-X-A-X, Figure 5-3 D). The asparagine and isoleucine residues of 

the PKI sequence were retained for optimal inhibitory capacity. 

MSW2: Ac-Bmc-Pro-DSer-His-Arg-Arg-Asn-Ala-Ile-4Bpa-Ile-NH2 

The metal binding characteristics of this peptide more closely match those 

observed for the prototype LSWl, which also contained a five residue linker.1 

Titrations of MSW2 at low peptide concentrations (10-12 µM) with Co2+ 

indicated a two-state cooperative equilibrium with a dissociation constant of 11 

nM (Figure 5-14). Binding isotherms at both 310 nm (bipyridyl moiety from 

Bpa4) and 340 nm (LMCT band from Bmc) indicated a 1:1 stoichiometry. In 

contrast, C0Cl2 titrations of MSW2 at peptide concentrations above 40 µM 

revealed a cooperative two-state equilibrium with a stoichiometry of 2:1 peptide­

metal (Figure 5-15). Isotherms obtained from absorbances at both the 310 nm 

(4Bpa) and 340 nm (LMCT) were consistent with this stoichiometry. 

Similar stoichiometries, which were dependent on peptide concentration, 

were observed in the Zn2+ titrations (Figure 5-16), except that a slight deviation 

from isosbestic behavior was observed at lower MSW2 concentrations (7-9 µM). 

The dissociation constant for the 1:1 Zn2+-complex (peptide concentrations < 40 

µM) was calculated to be 0.19 µM . 
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Figure 5-14 A. Absorbance spectra of the titration of MSW2 (12 µM) with C0Cl2. 

B. Binding isotherm for the titration of MSW2 with C0Cl2. (pH 7.5 20 mM 

HEPES, 12 mM KCl) 
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Figure 5-15 A. Absorbance spectra of the titration of MSW2 (41 µM) with C0Cl2. 

B. Binding isotherm for the titration of MSW2 with C0Cl2. (pH 7.5 20 mM 

HEPES, 12 mM KCl) 
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Figure 5-16 A. Absorbance spectra of the titration of MSW2 (7 µM) with ZnCl2. 

B. Binding isotherm for the titration of MSW2 with ZnCb. (pH 7.5 20 mM 

HEPES, 12 mM KCl) 
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The pH dependence of the binding of Co2+ to MSW2 was determined to 

investigate the role of the His residue in metal coordination. If the histidine 

amino acid was involved in the 1:1 complex formation observed at low peptide 

concentrations then higher dissociation constants could be expected at acidic pH. 

Protonation of the His imidazole ring at low pH would affect participation in 

metal binding and the affinity of the peptide for metal ions should decrease. 

Titration data was acquired at pH 8.0, 7.5, 7.0, and 6.0 and is summarized in 

Table 5-3. 

pH Peptide Metal complex MSW2:metal complex 

Concentration (µM) Stoichiometry KD(µM) 

8.0 9.7 2:1 ND 
7.5 8.1 1:1 0.01 

7.0 8.9 1:1 0.09 

6.0 9.6 1:1 1.4 

Table 5-3 The pH dependence of the MSW1-Co2+ dissociation constant. 

Co2+ binding by MSW2 did exhibit a definite pH dependence, with a 

significant decrease in affinity at lower pH. The 15-fold decrease in affinity of 

MSW2 for Co2+ at pH 6.0 versus pH 7.0, implies the involvement of an ionizable 

group in with a pKa in this range. In this respect, the pKa of Ac-His-NHMe is 

6.5 1 which suggested that His could participate in complex formation. 

Bipyridine has a pKa of approximately 4.514 and the pKa of the thiol of the p­

methyl cysteine can be estimated to be ~ 8.5 (based on the pKa of cysteine).15 

While suggestive of participation of His in the coordination sphere of Co2+, these 

data are not conclusive due to the presence of other ionizable ligands (4Bpa and 

Bmc). Interestingly, the stoichiometry of the Co2+ complex at higher pH appears 
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to be 2:1, potentially reflecting the greater affinity of the thiolate form of ~-methyl 

cysteine. 

Metal binding by MSWl and MSW2 was anticipated to result in a 

significant change in the conformation of the linker /inhibitory region. Metal 

titrations were performed to determine the nature of the metal complex formed. 

In summary, at peptide concentrations below 30 µM peptide and at least one 

equivalent of C0Cl2, the metal complex of MSW2 appeared to be monomeric 

with coordination by the thiolate ligand (Bmc1) and the bipyridyl functionality 

(4Bpa10). As discussed earlier, the identity of the Co2+ complex of MSWl is less 

certain, although titration data suggested that complex formation involved both 

the Bmc and 4Bpa residues. Although the participation of histidine in metal 

coordination could not be conclusively verified for either peptide, pH studies 

suggested involvement of this ligand in Co2+ chelation for monomeric complexes 

of MSW2. At higher peptide concentrations and one equivalent of less of Co2+, 

the metal complex of MSW2 was dimeric. In this case the coordination sphere of 

the metal ion involved both the Bmc and 4Bpa residues, which precluded 

histidine from participating in metal ligation. 

Assay for Protein Kinase Activity 

In order to test the inhibitory properties of the regulatory peptide designs 

described in previous sections, several assay systems were investigated. For ease 

and simplicity, the purified catalytic subunit for cAMP protein kinase (PK) from 

bovine heart, 16 which is commercially available was chosen as the enzyme 

source. The abbreviation PK is used hereafter to refer to only the catalytic 

subunit of this enzyme. 

The most common assays for kinase activity monitor the transfer of a 

radioactive phosphate from y-32P-ATP to the peptide.17-19 Although these 
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assays are typically very sensitive and fast, a non-radioactive continuous assay 

method was desired. Therefore, the continuous fluorescent-based assay for 

kinase activity which was reported by Wright et al. was therefore initially 

investigated.20 In this assay, the phosphorylation of serine in the sequence of the 

kinase substrate Leu-Arg-Arg-Trp-Ser-Leu-Gly modulates the fluorescence of the 

adjacent tryptophan amino acids resulting in an increase in the fluorescence 

emission intensity of the tryptophan. This substrate sequence (KS 1) was 

synthesized and this assay was tested with commercially available PK. 

Unfortunately, treatment of KSl with the PK under assay conditions similar to 

those reported20 resulted in a decrease in the fluorescence of the tryptophan 

group. Additionally while HPLC analysis of the assay mixture suggested that 

the change in the signal resulted from phosphorylation of KSl, the fluorescent 

analysis did not yield reproducible results. Therefore an alternative method of 

monitoring phosphoryl transfer was sought. 

The phosphorylation of a peptide introduces a negative charge which 

should alter the retention time in C13 reverse phase HPLC analysis. Several 

HPLC based assays for other kinases (tyrosine protein kinase21 and myosin light 

chain kinase22) based on this principle have been reported. Initial velocities can 

be determined by quantifying the substrate and product peaks. An HPLC based 

assay was therefore investigated as an alternative to the above assay. Using 

peptide substrate KSl a similar assay for cAMP kinase was developed but with 

limited success. Despite repeated attempts at optimization, velocities for 

identical runs varied as much as 10-20%. Additionally, the analysis of inhibitory 

peptides with similar sequences to the substrate peptide KSl was hindered by 

overlap of peaks corresponding to the inhibitors with substrate or product peaks 

in the HPLC chromatograms. Therefore a radioactive assay was re­

investigated.18, 19 In this system the transfer of a radioactive phosphate group 
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from [y.32P]-ATP to the substrate is monitored. The radiolabeled 

phosophorylated product is isolated from excess [y-32P]-ATP by absorption of 

the peptidyl product containing two arginines to phosphocellulose paper. 

Phosphoric acid is used to quench the enzyme reaction and remove excess [ y-

32P]-ATP from the phosphocellulose paper.19 The substrate used for these assays 

was "Kemptide" (NH2-L-R-R-A-L-G-COOH) which is commercially available. 

Substrate turnover was quantified by scintillation counting of the radiolabeled 

product immobilized on the phosphocellulose paper. 19 

Several modifications to the standard assay protocols were required to 

accommodate the analysis of inhibition by peptide-metal complexes (see 

Experimental section for details). The concentration of Mg2+ was reduced from 3 

mM to 120 µM (1.2 equivalents with respect to ATP) in the assay mixture to 

reduce competitive binding of Mg2+ to the designed regulatory peptides. 

Additionally the enzyme was reconstituted using the minimum concentration (20 

µMin the assay mixture) of a thiol reducing agent (~-mercaptoethanol, BME) in 

order to minimize the binding of divalent transition metal ions. Generally a 

dithiol (dithiothreitol) is used, however it was found to complex divalent 

transitions ions.23 

Characterization of the Inhibitory Properties of MSW1, DMW1, MSW2 with PK 

Investigation of the inherent effects of the divalent transition metal cations 

Co2+, Zn2+, and Cu2+ on the activity of the catalytic subunit of c-AMP dependent 

protein kinase (PK) revealed that both Zn2+ and Cu2+ had a significant inhibitory 

effect at the concentrations required for metal binding by the designed peptides 

(20 - 100 µM). For this reason, all reported inhibition studies were performed on 

the Co2+ complexes of MSWl, MSW2, and DMWl. Analysis of the inhibitory 

properties of all three peptides (Table 5-1) both uncomplexed and in the presence 
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of Co2+ were performed. Peptide DMWl acted as a control for these 

experiments. Metal titrations of this peptide suggested that metal binding was 

mediated exclusively through the 4Bpa functionality. The conformation of the 

linker region was therefore anticipated to be unaffected by metal ligation, and 

the inhibitory properties of this peptide were expected to be independent of Co2+ 

binding. 

The approximate inhibitory constants for peptides MSWl, MSW2, and 

DMWl (calculated as described for Kil) were estimated from the fractional 

inhibition in PK assays with and without the addition of CoCh. While this 

method12 of calculating Ki has limited accuracy, it does reveal general trends in 

the relative potencies of inhibitors. The results of these experiments are 

summarized in Table 5-4. Inhibition by the MSWl and MSW2 was metal 

dependent but not in the manner expected. Rather than diminishing inhibition, 

formation of the Co2+ complexes of these peptides resulted in better inhibitors of 

PK. The calculated Ki of the MSW2-Co2+ complex was three to four fold lower 

than the Ki of the uncomplexed peptide, for both the 1:1 and 2:1 peptide-metal 

complexes. • For experiments performed on MS Wl there was only a 2-fold 

decrease in Ki upon metal binding. Significantly, inhibition by DMWl was not 

metal dependent. 
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Peptide Stoichiometry concentration equivalents of Ki (µM) 
Co2+ 

MSWl 12, 31 µM 0 1.2 (± 0.4) 

MSW1•Co2+ 1:1 12µM 1 0.6 
a 31µM 1 0.6 

MSW2 10-44 µM 0 2.9 (± 0.9) 

MSW2•Co2+ 2:1 42,44 µM 1.0 0.6 (± 0.3)b 

2:1 42, 44 µM 0.5 0.9 (± 0.2)b 

1:1 11 µM 1.0 0.9 

1:1 24µM 1.4 0.9 

M2W l0µM 0.86 

M2W•Co2+ 1:1 lOµM 3.5 0.83 

Table 5-4 Summary of the results of PK inhibition by metal switch peptides. 

Average values determined from multiple experiments are listed if appropriate 

with the standard deviation or the range given in parentheses. a Stoichiometry 

assumed to be 1:1. b Average of two experiments. 

PKCYS: Inhibitor Cyclization With a Disulfide 

Analysis of the inhibitory properties of the designed metal switch 

peptides indicated that cyclization via metal ligation actually produced a better 

inhibitor. This result was unexpected based on the extended binding of the 

inhibitor PKI(S-24) in the active site of PK in the crystal structure of the enzyme­

inhibitor complex.10 In this regard, some ambiguity about the conformation of 

the linker region in the Co2+ complexes of the designed metal switch peptides 

existed, due to uncertainties regarding the exact nature of the metal complex and 

the involvement of the histidine in the coordination sphere. As an alternative to 

the metal mediated cyclization presented in peptides MSWl and MSW2, a 

disulfide could serve as an unambiguous covalent constraint. A peptide 

containing the five residue inhibitory sequence of MSW2 flanked by two 
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cysteines was therefore synthesized (PKCYS). Formation of a disulfide bond 

between these two cysteines produced a peptide with a well defined covalent 

constraint between the N- and C-termini. HPLC analysis revealed that the 

oxidized peptide was not reduced under the conditions of the assay. Inhibition 

assays of both the reduced (PKCYS-R) and oxidized (PKCYS-O) forms of the 

peptide helped determine the amenability of the PK system to modulation of 

inhibition through inhibitor cyclization. 

PKCYS-R: Ac-Cys-Arg-Arg-Asn-Ala-Ile-Cys-NH2 

PKCYS-0: Ac-Cys-Arg-Arg-Asn-Ala-Ile-Cys-N~ 
I I s--------s 

These studies indicated that cyclization of PKCYS to the disulfide 

decreased the affinity of the inhibitor for PK, although the effect was not large. 

The calculated inhibition constant for the oxidized peptide (PKCYS-O) was 

approximately 2.5-fold higher than that of the reduced form (PKCYS-R) (Table 5-

5). This trend is the opposite of that seen for the metal switch peptides: 

cyclization of peptides MSWl and MSW2 through metal ligation produced 

inhibitors with greater affinity for PK. . 
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PKCYS-R 

PKCYS-O 
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5.7 (± 1.9) 

2.2 (± 0.4) 

Table 5-5 Inhibition constants for the oxidized (PKCYS-O) and the reduced 

forms (PKCYS-R) of the inhibitor PKCYS. 

Discussion 

Based on the prototype LSWl developed by Dr. Stewart Fisher, two metal 

switch peptides were designed as regulatory units for c-AMP dependent protein 

kinase. Both designs included identical metal binding residues; metal ligation 

was anticipated to occur via cooperative coordination of a bidentate unnatural 

amino acid, 4Bpa, at the C-terminus and two monodentate residues, His and Bmc 

at the N-terminus of the peptide. The metal binding properties of these peptides 

were dependent on the linker spacing between the N- and C-terminal metal 

binding regions. MSWl incorporated a seven residue linker and metal binding 

by this peptide involved multiple equilibria probably resulting from a mixture of 

different peptide-metal stoichiometries. In contrast, metal titrations of MSW2, 

which included a five residue linker, exhibited well defined isosbestic points and 

defined peptide-metal stoichiometries. The stoichiometry of both Zn2+ and Co2+ 

complex formation with MSW2 was dependent on peptide concentration; a 2:1 

peptide-metal complex was formed at peptide concentrations greater than 40 µM 

peptide while a 1:1 stoichiometry was observed at lower peptide concentrations 

(5-20 µM). The formation of dimeric metal complexes at higher concentrations of 

MSW2, suggests that the multiple equilibria observed in the metal titrations of 
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peptide MSWl may have resulted from the formation of a mixture of monomeric 

and dimeric species in this system. 

UV-Vis absorbance spectroscopy confirmed the participation of both the 

4Bpa and Bmc ligands in metal coordination by MSWl and MSW2. Metal 

binding by the 4Bpa residue is indicated by the red shift of the bipyridyl 1t-1t* 

absorbance upon metal addition (Amax= 305 nm). Additionally the observation 

of a broad absorbance band (340-380 nm) in the spectrum of the Co2+ complex of 

both peptides provided direct evidence for the participation of the side chain 

functionality of the ~-methyl cysteine amino acid in complex formation (Figure 5-

15A). This absorbance band was not observed in either the Zn2+ complexes of 

MSWl and MSW2, or in the Co2+ complex of DMWl, which does not contain 

the Bmc reside (compare Figure 5-14A and Figure 5-12A). Sulfur ligands bound 

to Co2+ can undergo ligand-to-metal charge transfer (LMCT) processes which 

typically produce absorbance bands in the near UV region (300-600 nm).24 The 

broad absorbance present in the Co2+ complexes of MSWl and MSW2 was 

therefore attributed to a LMCT band between the thiol functionality of ~-methyl 

cysteine and Co2+. A similar band was observed for the prototype LSWl.1 The 

LMCT transfer band exhibited a dependence on metal cation concentration 

similar to that observed for the 1t-1t* absorbance of the bipyridyl chromophore. 

The observation of both the 1t-1t* and LMCT bands in CoC!i titrations of MSW2 

which also exhibited well defined isosbestic points suggested cooperative 

formation of a Co2+ complex involving both Bmc and 4Bpa in 2:1 and 1:1 MSW2-

Co2+ complexes. This conclusion is supported by comparison of the dissociation 

constants for this peptide with a model peptide which contains 4Bpa as the only 

metal ligating amino acid. The dissociation constants of MSW2 complexes with 

Co2+ and Zn2+ were 100- to 200-fold lower than those values for the model 

peptide (Table 5-6). The enhanced affinity of MSW2 for Co2+ and Zn2+ can be 
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attributed to the cooperative participation of the auxiliary ligands supplied by 

the ~-methyl cysteine or histidine residues in metal ligation. 

KD(M) 

Peptide Zn2+ Co2+ 

Peptide MSW2a 1.9 X 10-7 1.1 X 10-8 

(1:1) (1:1) 

Ac-4Bpa-Thr-Pro-DSer-Val-Phe-NH2b 22 X 10-6 3.8 X l0-6 

(1 :1) (2:l)C 

Table 5-6 Comparison of the dissociation constants and stoichiometries for metal 

complexes of MSW2 and Ac-4Bpa-Thr-Pro-DSer-Val-Phe-NH2. a KD was 

measured at pH 7.5 and at MSW2 concentrations below 10 µM. b KD was 

measured at pH 8.25. c Calculation of KD assumed a 1:1 stoichiometry. 

Although clear evidence indicated the participation of Bmc1 and 4Bpa10 in 

metal coordination, the involvement of His4 metal ligation for 1:1 MSW2-Co2+ 

complexes was more difficult to prove. Investigation of the pH dependence of 

the KD of the 1:1 MSW2-Co2+ complex suggested the involvement of His4, but 

these experiments were not conclusive. 

Unlike the 1:1 peptide-metal complex, there is no ambiguity concerning 

the ligands participating in complex formation in the 2:1 MSW2-metal complexes 

observed at higher peptide concentrations (>40µM). The 2:1 peptide-metal 

complexes cannot accommodate all the residues capable of metal ligation 

(4Bpa10, Bmc1, and His4) in an octahedral coordination geometry. As described 

earlier, the Co2+-complex formed under these conditions involved both the Bmc 
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and 4Bpa residues. In this complex the octahedral coordination sphere of Co2+ 

was saturated and excluded the involvement of histidine. 

Unlike zn2+ and Cu2+, PK activity was not affected by the presence of 

Co2+ and this metal was therefore used to study the metal-dependency of 

inhibition by MSWl and MSW2. In contrast to MSWl, MSW2 exhibited well 

behaved metal binding characteristics and the majority of these studies focused 

on this peptide. 

As expected, uncomplexed peptides MSWl and MSW2 were good 

inhibitors of PK activity. The seven residue inhibitory linker region of MSWl 

resulted in slightly better inhibition (Ki=l.2 µM) than the five residue sequence in 

peptide MSW2 (Ki=2.9 µM). Unexpectedly, however, PK inhibition by MSWl 

and MSW2 increased upon addition of CoCh; the peptide-Co2+ complexes were 

better inhibitors of PK activity than the uncomplexed peptides. Inhibition by 

both the 1:1 and 2:1 MSW2-Co2+ complexes (Ki=0.9 µM) was approximately 3-

fold lower than that of the uncomplexed peptide (Ki=2.9 µM). This affect was 

attributed to the formation of a metal binding site that involves both the C- and 

N-terminal regions of the peptide. Peptide DMWl does not contain the Bmc 

residue at the N-terminus and metal ligation by this peptide involved only the C­

terminal 4Bpa residue. The linker region was therefore unconstrained in the 

DMW1-Co2+ complex and inhibition of PK by DMWl was not affected by the 

addition of Co2+. Thus, cyclization of peptide MSW2 through the formation of 

the Co2+ complex apparently constrained the inhibitory linker region of this 

peptide into a more bioactive conformation, exactly the opposite of the intended 

design. 

One possible reason for this observation was that a constraint formed was 

too "long" and did not sufficiently constrain the peptide backbone. In MSW2, the 

cross-link between the N- and C-termini was formed from the coordination of the 
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side chains of amino acids and was mediated by a metal ion; seven atoms separate 

the Ca atoms of Bmcl and Bpa10 in the metal complexes. If metal ligation 

involved only Bmcl and 4Bpa10 (as was observed in the 2:1 MSW2-Co2+ 

complex), the constraint would be even less effective. A "long" cross-link might 

actually result in the peptide termini being held distal from each other, 

constraining the intervening region into an extended conformation and resulting 

in improved PK inhibition. If this was the case, then the design of a "shorter" 

cross-link might remedy the problem. 

In order to evaluate the effect of a short cross-link between the N- and C­

terminus of the five residue inhibitory sequence, the peptide PKCYS was 

synthesized. This peptide contained a short, four atom cyclization (a disulfide 

bridge) between the Ca atoms of the cysteine residues flanking the -R-R-N-A-1-

sequence. The peptide was tested in its reduced (uncyclized) and oxidized 

(cyclized) form, and the inhibitory constants were determined. As expected 

introduction of a constraint on the peptide structure produced a poorer inhibitor. 

Unfortunately, cyclization had only a small effect on the inhibitory properties 

[Ki(ox)/Ki(red) = 2.5]. However a basic premise of this project was that if the 

inhibitory sequence could be constrained into a non-extended conformation, then 

inhibition of the enzyme would drastically decrease. The modest decrease in 

inhibition despite the utilization of the shortest conceivable side chain-to-side 

chain cyclization (cystine) points to the unsuitability of this enzyme system for 

the modulation of inhibition through a control of peptide conformation. The 

enzyme active site appears flexible enough to accommodate inhibitors in non­

extended conformations. Subsequent modeling of PKCYS-O revealed that even 

in the cyclized form, the inhibitor region could adopt a conformation which 

presented the side chains of the amino acids in an array similar to that observed 

for the inhibitor (PKI) bound to the active site of PK in crystal structure.10 
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Although the peptide inhibitor backbone was not in an identical extended 

conformation, the overall disposition of functionality was very similar (Figure 5-

17). 

Asn 

Arg 
Ala 

lie 

disulfide 

Arg 

Figure 5-17 Comparison of a proposed conformation for PKCYS-O (gray) 

obtained by molecular modeling, with the crystal structure of the analogous 

region of PKI(5-24) bound in the active site of the catalytic subunit of c-AMP 

dependent protein kinase (PK) (black).10 The side chains and Ca trace is shown. 

Conclusion 

The allosteric control of some enzyme cascade systems produces 

enormous amplification of the signals initiated by small molecule metabolites. 

The goal of this project was to utilize the enviable signal sensitivity and 

amplification properties found in these natural systems for the creation of new 

metallosensors. The substitution of a regulatory protein under the allosteric 

control of small molecule metabolites, with a regulatory metallo-peptide of de 
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novo design, would allow us to harness the "bio-amplification" potential of these 

systems for the detection of transition metal cations. The design was intended to 

reduce the inhibitory properties of a peptide through the metal mediated control 

of peptide conformation. Unfortunately the metal complexes of the designed 

regulatory peptides exhibited greater inhibition than the uncomplexed species, 

potentially due to the "length" of the metal-mediated cross-link. Cyclization of 

the inhibitor via formation of a metal complex apparently constrained the 

peptides into a more bio-active conformation (Figure 5-18). While the objectives 

of this project were not entirely met, the study does highlight the potential to 

modulate enzymatic activity through the metal-dependent folding of small 

peptidyl motifs. 

cd1 

PK -

Figure 5-18 Metal mediated control of c-AMP dependent protein kinase 

inhibition. 

The construction of a disulfide-cyclized inhibitor indicated that 

insufficient conformational constraint was obtained via a side chain-to-side chain 

cyclization. In this regard, unnatural amino acids which place the metal 

' chelating moiety within the backbone of a peptide (Figure 5-19) have been 

synthesized recently in the Imperiali group25 and could be envisioned to provide 
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greater control of backbone conformation, while still retaining the desired 

modularity of the peptidyl framework. 

Figure 5-19 An example of the unnatural amino acids which place the metal 

chelating moiety within the peptide backbone and are currently under 

development in the lmperiali group. 

Unfortunately the c-AMP dependent protein kinase system was not the 

ideal system for the creation of a metallo-sensor. Kinase activity was inherently 

sensitive to the presence of several divalent metal cations and enzyme stability 

required the use of thiol containing reducing agents that could interfere with 

metal binding by designed peptides. Although the PK system is not very 

amenable to the concept of metal-dependent regulation described in this chapter 

any enzyme which binds peptidyl substrates (and inhibitors) in an extended 

conformation could be a potential target for regulation, if sufficient metal­

mediated control over peptide conformation can be achieved. 
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Experimental 

Peptide Synthesis 

Peptides MS Wl and MSW2 were synthesized by standard solid phase 

methods on a Milligen 9050 automated peptide synthesizer using Na_9_ 

fluorenylmethoxycarbonyl (Fmoc) protected amino acid pentafluorophenyl 

esters. Fmoc-Bmc(Trt)-OH, Fmoc-Arg(Pmc)-OH, and Fmoc-4Bpa-OH were used 

as the free acid derivatives and coupled using HOBT /DIPCDI chemistry.26 The 

Enhanced Monitoring Option (Millipore, MA) was used to monitor coupling 

efficiencies for the standard amino acids.27 Peptides were assembled on PAL­

PEG-PS resin (Millipore, MA) to yield the C-terminal amide peptide. Fmoc 

deprotection was accomplished by washing the resin with 20% piperidine in 

DMF. Typical coupling cycles were 45 minutes to an hour using 3 fold excess of 

standard amino acids. A 2.5 fold excess of unnatural amino acids (Fmoc­

Bmc(Trt)-OH and Fmoc-4Bpa-OH) was employed for the initial coupling cycle, 

followed by a second "double-coupling" cycle using 1.5 equivalents. The Fmoc-

4Bpa-OH amino acid was manually injected (19-20 mg/ml concentration) onto 

the column due to poor solubility in DMF. Residual terminal amines were at 

were N-acetylated using a 0.3 M acetic anhydride/HOBT solution in 9:1 

DMF /DCM the end of each coupling cycle. Peptides were N-acetylated on the 

resin after assembly, using 21 equivalents of acetic anhydride and 6 equivalents 

of triethyl amine in 4 ml of DMF for 2 hours. Peptide MSWl was cleaved using 

Reagent R (90:5:3:2 TFA/thioanisole/ ethanedithiol/ anisole)28 and peptide 

MSW2 was cleaved using Reagent K (82.5:2.5:5:5:5 TFA/ethanedithiol/anisole/ 

phenol/H2O)29 for 2.5 hours. Peptides were precipitated from the cleavage 

mixture with 2:1 ether /hexane. The supernatant was decanted and trituration 

with 2:1 ether/hexane was repeated. The peptides were lyophilized from water. 

The crude peptides were analyzed and purified using reverse phase (C1s) HPLC 
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on a dual pump system (Beckman Instruments) with of 0.1 % TFA in water 

(Solvent A) and 0.1 % TFA in acetonitrile (Solvent B). All HPLC linear gradients 

(LG) are listed as the increase in the percentage of Solvent B in the mobile phase. 

Care was taken to prevent intermolecular oxidation of the thiol residue (Bmc) to 

the corresponding disulfide. Purified HPLC samples were immediately frozen 

after removal of the acetonitrile under a gentle stream of N2. The frozen samples 

were then lyophilized. The purified dried peptide was transferred as a solid to a 

weighed microcentrifuge tube, which was blanketed with N2 and stored at -80 °C 

until ready for use. Stock solutions of peptides were prepared by dissolution in 

hydrogen sparged H2O and were frozen at -80 °C between assays. The free thiol 

content was frequently verified using Ellman's reagent30 and generally agreed to 

within 5-15 % of the values obtained by quantification of the bipyridyl 

chromophore of the 4Bpa residue by UV spectroscopy (£286nrn=l2,800). Analysis 

of stock solutions of cysteine indicates that a 10 % variance is within the accuracy 

of the Ellman's test. 

MSWl: Ac-Bmc-Pro-DSer-His-Thr-Gly-Arg-Arg-Asn-Ala-Ile-4Bpa-Phe-NH2 

HPLC: tR = 16.06 min. Semi preparative column, LG 22-35% acetonitrile in H2O, 

0.1 % TFA. C73H10;-017N2sS1; PDMS MH+ calculated 1639.8 observed 1639.9 

DMWl: Ac-Pro-DSer-His-Thr-Gly-Arg-Arg-Asn-Ala-Ile-4Bpa-Phe-NH2 

HPLC: tR = 15.35 min. Semi preparative column, LG 22-35 % acetonitrile in H2O, 

0.1 % TFA. C69H100O16N24; PDMS MH+ calculated 1522.7 observed 1523.1 

MSW2: Ac-Bmc-Pro-DSer-His-Arg-Arg-Asn-Ala-Ile-4Bpa-Phe-NH2 

HPLC: tR = 16.82 min Semi preparative column, LG 25-30 % acetonitrile in H2O, 

0.1 % TFA. C67H9;-01sN23S1; PDMS MH+ calculated 1481.7 observed 1481.0 



255 

Peptide DMWl was a major side product in the synthesis of MSWl. Mass 

spectral analysis of this side product (MH+ 1523 amu) corresponded to the 

peptide sequence lacking the N-terminal Bmc residue. Furthermore, in the 

synthesis of both MSWl and MSW2, an additional side product was observed. 

HPLC analysis of crude MSWl indicated that this side product was produced in 

approximately equal quantities to the desired peptide (MSWl) and had a slightly 

lower Abs280nm/ Abs228nrn ratio compared to the desired product. Mass spectral 

analysis revealed that this product had a molecular weight corresponding to the 

loss of H2S (PDMS, MH+ 1605.7). This product apparently results from a,~ 

elimination of the side chain of the ~-methyl cysteine amino acid to produce 

dehydrobutyrine during peptide synthesis or cleavage. A similar product was 

observed in the synthesis of MSW2. 

Peptides KSl was synthesized on a 0.125 mmole scale using commercially 

available N<X-9-fluorenylmethoxycarbonyl protected amino acids (3 equivalents), 

coupled using HOBT /DIPCDI chemistry.26 Coupling efficiencies were 

monitored using the Enhanced Monitoring Option (Millipore).27 Fmoc-Gly­

PAC-PEG-PS resin (0.22 meq/ g, Millipore. MA) was used to produce the free C­

terminal acid. The peptide was cleaved using Reagent K28 for 2.25 hours under 

dilute conditions to prevent alkylation of the tryptophan residue. Peptide KSl 

was purified using a SepPak reverse phase (C1s) cartridge (Millipore, MA). The 

peptide was loaded in H2O, the column was washed with 3 ml of H2O, and 

elution accomplished by washing the column with 3 ml fractions of 

acetonitrile/water mixtures from 10% to 50% in 10% increments. The fractions 

were analyzed by analytical HPLC (tR = 27 min, linear gradient 0-40 % 

acetonitrile in H2O, 0.1 % TFA), and the pure fractions were combined and 

lyophilized. The identity of the peptide was confirmed by F AB mass spectral 

analysis (C4ofi66O9N14, MH+ calculated 888.1 observed 888) 
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Peptide Kil was synthesized in the same manner as described for KSl on 

Pal-Peg-PS resin (0.21 meq/ g, Millipore, MA), to yield the C-terminal amide. 

Commercially available standard Fmoc protected amino acids were used. The 

peptide was purified by reverse phase (C13) chromotography using a SepPak 

cartridge (Millipore, MA). The peptide was loaded in H2O, the cartridge was 

washed with 5 ml of H2O, and the peptide eluted with 30 % acetonitrile. The 

purity of the peptide was verified by analytical HPLC analysis (tR = 19 min, 

linear gradient 0-40 % acetonitrile in H2O, 0.1 % TFA). The identity of the 

peptide was confirmed by amino acid analysis; relative to glycine content: 0.72 ± 

0.14 Asx (hydrolysis of Asn); 1.0 Gly; 2.07 ± 0.22 Arg; 0.77 ±0.02 Thr; 1.11 ± 0.02 

Ala; 1.06 ± 0.06 Ile. 

The synthesis of PKCYS was accomplished using the same protocols 

described for the synthesis of Kil with the exception that the OPfp ester of 

aspargine (Fmoc-Asn-OPfp, Millipore, MA) was used to eliminate the need for 

side chain protection. Precautions were taken to ensure that PKCYS was not 

oxidized during purification. The identity of the reduced peptide (PKCYS-R) 

was confirmed by ESI mass spectral analysis. The presence of free sulfhydryls 

was verified using Ellman's reagent.30 Stock solutions of PKCYS-R were 

monitored by HPLC analysis to verify the absence of oxidation products. 

The oxidation of PKCYS-R to the cyclic cystine peptide PKCYS-O was 

accomplished by treatment of dilute solutions of purified peptide (1.0 mg/ml) 

with aqueous DMSO (20%) at pH 7.5.31 The reaction was monitored by HPLC, 

and proceeded to completion at room temperature with stirring in 15-24 hours. 

The reaction mixture was diluted 5-10 fold into 0.1% TFA in H2O and directly 

purified by reverse phase (C1s) chromotagraphy on a Sep-Pak cartridge 

(Millipore, MA). After washing the cartridge with water, the peptide was eluted 

with a 5 ml of 10% acetonitrile in H2O (0.1 % TFA). The peptide did not need 
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further purification and was obtained in approximately 50% yield from the 

purified PKCYS-R. HPLC analysis indicated that the peptide was >90% pure 

and that no reduced peptide remained. The identity of the oxidized peptide was 

verified by mass spectral analysis and quantitative amino acid analysis. 

PKCYS-R: Analytical HPLC: tR = 26.9 min LG 0-30% acetonitrile in H2O, 0.1 % 

TFA. Molecular formula C33f¼1O9N1sS2; ESI-MS MW calculated 876.1 observed 

876.2. 

PKCYS-O: Analytical HPLC: tR = 25.9 min LG 0-30% acetonitrile in H2O, 0.1% 

TFA. Molecular formula C33H59O9N1sS2; ESI-MS MW calculated 874.1 observed 

874.1. 

UV-Vis Spectroscopic Studies 

Absorption spectra were obtained on a Shimadzu UV-110 

spectrophotometer using 1.0 cm path length quartz cuvettes. The 

concentrations of the peptide solutions were determined 

spectrophotometrically using the characteristic absorption band of the 

bipyridyl moiety (Amax = 286 nm, Emax = 12,800 M-1cm-1 ). Aqueous solutions 

of known peptide concentrations (7-45 µM) were titrated with standardized 

metal cation solutions at room temperature in 0.02 M HEPES buffer, 0.012 M 

KCl at pH 7.5. Metal titrations of MSW2 were also performed at various pH 

values using either HEPES buffer (pH 7.0 and 8.0) and MES buffer (pH 6.0). 

The distinct red-shift of the bipyridyl 1t-1t* transition upon metal chelation was 

monitored. The dissociation constants were determined with the calculations 

outlined below. Data analysis was performed using KaleidaGraph version 3.0 

(Abelbeck Software). Binding isotherms were assumed to follow two-state 
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equilibria. In most cases well defined isosbestic points were observed (see 

Results section). The dissociation constants (KD) were obtained using an 

iterative process based on the Scott equation13 using absorbance data at 310 

nm: 

b-[M] 

M 
= 

[M] 

[Peplt ·M: 
+ 

[Peplt -~£ 
(1) 

Where b 

[M] 

M 

[Pep]t 

= 

= 

= 

= 

= 

cell path length 

free metal cation concentration 

change in absorbance due to complex 

formation 

total peptide in solution 

change in molar absorptivity due to 

complex formation 

The dissociation constants (KD) were calculated from plots of [M] vs 

[M] IM by the following equation: 

KD 
y - intercept = 

slope 
(2) 

Initially, data was considered only at high [Mhotal so that the approximation 

[Mhota1::::::[M] could be used. The resultant values of KD and~£ obtained by least 

squared analysis were fitted to absorbances using equation 1 to obtain better 

estimates of [M]. This was repeated in an iterative manner until the values of KD 

and~£ converged. 
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Standard Assay Protocols 

The assay used was adapted from previously published protocols.19 All 

assays were performed at room temperature in a final volume of 250 µl and 

consisted of the following components: 

Buffer: The buffer solution (25mM HEPES, 15 mM KCl, pH 7.5) was sparged 

with hydrogen for 15 minutes prior to use (to prevent oxidation of the thiol 

containing inhibitors PKCYS-R, MSWl, and MSW2). 

ATP and Mg2+: Stock solutions of [y-32P]ATP•Mg were prepared by diluting [y-

32P]ATP (10 Ci/ mmol, NEN) with unlabeled MgATP (Sigma) to the desired 

specific activity (75-150 cpm/pmol). The concentration of ATP in all assays was 

100 µM, and the total concentration of Mg2+ was 124 µM (98 µM from the 

Mg•ATP stock and the remaining from MgC!i). 

Substrate: Stock solutions of the substrate "Kemptide" (L-R-R-A-S-L-G) (Sigma) 

were quantified by quantitative amino acid analysis prior to use. Substrate 

concentrations varied from 16 µM to 40 µM depending on inhibitor levels. 

Enzyme: The catalytic subunit of cAMP dependent Protein Kinase from bovine 

heart was obtained from Sigma as a lyophilized powder containing 

approximately 0.11 % protein and a balance of sucrose and phosphate buffer salts. 

The enzyme was prepared for use by dissolution in 2.5 mM BME to a protein 

concentration of 0.1 mg/ml. The enzyme was allowed to warm to room 

temperature for 5 minutes before use. 

Inhibitors: Stock solutions of all inhibitors were quantified either by quantitative 

amino acid analysis for peptides Kil, PKCYS-R, and PKCYS-O or by UV 

spectrometry of the bipyridyl chromophore (£=12,800, Amax= 286 nm) for 

peptides MSWl, MSW2, or DMWl. In some experiments C0Cl2 was added to 

the assay to form the inhibitor-Co2+ complex. 
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Final concentrations in the assay mixture were 12 mM KCl, 20 mM HEPES, 100 

µM [y-32P]ATP, 124 µM Mg2+, and 20 µM ~-mercapto ethanol. Substrate, 

inhibitor, and C0Cl2 concentrations varied. The reaction was initiated by 

addition of the enzyme (200-250 ng in 2.0-2.5 µl) and gently shaken at room 

temperature for the duration of the assay (8 min). 

The initial velocity of the reaction was monitored essentially by the 

method of Roskoski.19 Briefly aliquots of the reaction mixture (25 µl) were 

spotted onto strips of phosphocellulose paper (1 mm x 3 mm) (Whatman, P81) at 

four 2-minute intervals after the start of the reaction. The paper was immediately 

suspended in 75 mM of phosphoric acid (100 ml per 16 strips). The paper strips 

were washed four times in phosphoric acid. The strips were then transferred to 7 

ml scintillation tubes suspended in scintillation fluid and the radioactivity 

counted. 

Several modifications to previously reported kinase assays were 

necessary. Typically the assay protocols described previously utilized 3 - 10 mM 

MgC!i as the Mg2+ source.18 Addition of 3 mM MgCb to peptide MSW2 

resulted in the distinctive red shift of the bipyridyl absorbance which indicated 

that the peptide bound Mg2+. Studies indicated that the MgCb concentrations 

could be lowered to 124 µM (1.24 equivalents with respect to ATP) in the assay 

mixture without adversely affecting enzyme activity. C0Cl2 titrations of MSW2 

in the presence of 124 µM MgCb exhibited isotherms identical to titrations 

performed in the absence of Mg2+. Additionally the recommended procedure for 

reconstitution of the catalytic subunit of PK purchased from Sigma utilized DTT. 

Since this di-thiol has significant metal binding properties23 it was replaced with 

an alternative mono-thiol reducing agent ~-mercapto ethanol (BME).32 BME 

levels could be reduced to 20 µMin the assay mixture (enzyme reconstitution in 

2.5 mM BME) without adversely affecting the activity of the enzyme over the 
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time course of the assay ( <12 min). The stability of the enzyme did suffer from 

the diminished levels of reducing agent, and for this reason all enzyme solutions 

were prepared immediately prior to use. 

For all experiments involving the use of an inhibitor the fraction inhibition 

was determined by the following equation: 

i = 1- (vi/Ve) 

Vi represents the initial velocity of the assay mixture (in cpm/min) containing the 

inhibitor and Ve represents the initial velocity of the control assay. The fraction 

inhibition was used to estimate the Ki by use of the following equation 12: 

i=[I] / ([I]+ Ki (1 +[S] /Km)) 

or 

Ki=([I]-i[I]) / (i+[S]i/Km) 

[S]= Kemptide concentration. 

Km= 4.7uM (for Kemptide)33 

The fractional inhibition is given by i. Examples of the inhibition of PK activity 

by MSW2, DMWl, MSWl PKCYS-O, and PKCYS-R are given in Figures 5-20, 5-

21, 5-22, 5-23. 

The inhibitory effect of divalent transition metal cations zn2+ Co2+ and 

Cu2+ on PK activity was determined. Although zn2+ and Cu2+ resulted in 

inhibition, Co2+ did not have an affect on enzyme activity at concentrations up to 

50 µM (Figures 5-24). Since Co2+ can restore partial activity to PK in the absence 

of Mg2+,32 inhibition of 50µM C0Cl2 was tested at lower MgCb levels. The 

addition of 50 µM CoCb in the presence of a total of 124 µM Mg2+ and 300 µM 

Mg2+ cations had no effect on activity. 



262 

4 104 ~-------------, 

3 104 

1 104 

0 

0 2 

. -◊. 
◊-

. · ◊ 
. ◊ .• 

- - - -[3 - - - -□ - - - -□ 

4 6 8 10 12 
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--Control -- y = 3504 + 3588.2x R= 0.99856 

- -G- - MSW2-CoCl 2 , 44µM - - - - - y = 917.5 + 253x R= 0.98992 

. - o - - MSW2, 44µM · · · · · y = 2772.8 + 1021.1 x R= 0.99726 

Figure 5-20 Inhibition of PK by both uncomplexed peptide and the Co2+ 

complex of MSW2. (24 µM MgCb, 100 µM Mg[y-32P]ATP (lO0cpm/pmole), 250 

ng enzyme, 20 µM BME, 39.5 µM Kemptide) 



263 

2.25 104 .----------------, 

E 
0. 
(.) 

1.5 104 

7500 

0 ._____.__...._ _____ ._____.__....______. _ __.____, 

1 2 3 4 5 6 7 8 9 
Time (min) 

- Control 
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2
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- - - - -y = 976 + 633.85x A= 0.9947 
• • ◊ • • DMW1 (10 µM) • • • • • y = 891 + 618.Sx A= 0.9933 

Figure 5-21 Inhibition of PK by both uncomplexed peptide and the Co2+ 

complex of DMWl. (24 µM MgCl2, 100 µM Mg[y-32P]ATP (84 cpm/pmole), 250 

ng enzyme, 20 µM BME, 15.8 µM Kemptide) 
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Figure 5-22 Inhibition of PK by both uncomplexed peptide and the Co2+ 

complex of MSW1. (24 µM MgCl2, 100 µM Mg[y-32P]ATP (84 cpm/pmole), 250 

ng enzyme, 20 µM BME, 15.8 µM Kemptide) 
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Figure 5-23 Inhibition of PK by both reduced (PKCYS-R) and oxidized (PKCYS­

O) forms of peptide PKCYS. (24 µM MgCl2, 100 µM Mg[y-32P]ATP (98 

cpm/pmole), 250 ng enzyme, 20 µM BME, 18.8 µM Kemptide) 
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Figure 5-24 PK activity in the presence of divalent metal cations. A. Inhibition 

by Cu2+. Co2+ does not inhibit. B. Inhibition by Zn2+ (3.2 mM MgCb, 20 µM 

BME, 200 ng enzyme, 23.7 µM Kemptide, l00µM Mg[y-32P]ATP (108-150 

cpm/pmole) 
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Appendix A 

Electrostatic stabilization of sheet and turn structure 
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Introduction 

Electrostatic interactions such as salt bridges and ion pairs have been 

shown to stabilize the formation of helices, both as isolated polypeptides,1, 2 and 

as part of four-helix bundles.3 The electrostatic stabilization of reverse turn 

structures has also been reported,4-6 although most conformational studies of 

these peptides have been performed in non-aqueous solutions or with a non­

aqueous co-solvent; a non-aqueous environment enhances electrostatic 

interactions. In order to assess the potential for utilizing electrostatic or "salt 

bridge" interaction to stabilize a type II p-turn formation in water, structural 

analyses of several peptides incorporating both natural and non-standard 

charged amino acids have been have been performed using 2D NMR and CD 

techniques. 

The type II p-turn has been extensively investigated within the Imperiali 

group as a useful motif for protein design7 (Chapter 1). A heterochiral Pro-DXaa 

sequence (Xaa = a small unbranched amino acid) at positions (i+l) and (i+2) of a 

tetrapeptide has been shown to induce type II p-tum formation? The pyrrolidine 

ring system of proline at position (i+l) 'kinks' the peptide backbone initiating a 

reversal of the peptide backbone. Analysis of type II p-turns within proteins of 

known structure has revealed that the frequent occurrence of glycine at position 

(i+2) of native type II P-turns is due to the stereochemical restrictions at this 

position.8 Large side chains of L-amino acids cannot be accommodated without 

an inversion of chirality. The use of a o-amino acid at this position is therefore 

appropriate and allows for the "position specific" incorporation of a type II p­

turn7' 9 since D-amino acids are not compatible with other elements of secondary 

structure. The electrostatic stabilization of a heterochiral Pro-DAla type II p-turn 

was investigated by incorporating the charged amino acids glutamic acid and 

lysine at the (i) and (i+3) positions of the turn, respectively. 
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Since previous studies7' 9 have indicated that turn formation within 

tetrapeptides can be very sensitive to the identity of the residues at positions (i) 

and (i+3), the electrostatic stabilization of a ~-hairpin motif incorporating charged 

residues at positions (i-1) and (i+4) was also investigated. In this regard, an 

unnatural amino acid, (2S,3S)-diaminobutyric acid (allo-~-methyl-~-amino 

alanine, or aMaa), was considered due to its unique electronic and 

conformational properties. Synthesis of this amino acid, appropriately protected 

for solid phase peptide synthesis, and peptide incorporation is reported. 

Results and Discussion 

Electrostatic Stabilization of a Type II ~-Turn 

As discussed, the heterochiral Pro-DAla sequence has previously been 

demonstrated to promote type II ~-turn formation in isolated tetrapeptides.7' 9 

Furthermore, electrostatic stabilization of helical structure has exploited 

interactions between glutamic acid and lysine residues separated by one turn of 

an a-helix [at positions (i, i+3) and (i, i+4)].2 Peptide PAl (Ac-Glu-Pro-DAla-Lys­

NH2) was synthesized, wherein glutamic acid and lysine were included at 

positions flanking the Pro-DAla sequence, to test the ability of these charged 

amino acids to stabilize type II ~-tum formation via formation of a salt bridge. 

Analysis of the solution conformation of P Al by two-dimensional NMR 

and circular dichroism (CD) revealed a significant population of a type II ~-turn 

character. The presence of diagnostic NOEs in the ROESY experiment (Figure A­

l) can be used to identify a type II turn in tetrapeptides.7 Significantly a 

d~£(i,i+3) NOE was observed for P Al between the side chains at positions (i) and 

(i+3) indicating a reversal of the peptide backbone, and direct interaction of the 

side chains of Glu1 and Lys4. Other NOEs characteristic of a type II reverse 
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turn 7, 10 were observed for P Al and are listed in Table A-1 and shown in Figure 

A-2. 

1 
(i+1) 
~ 

(i+2) 

' 
R" 

' 
H 

3\. 
0 

0 ,,, 
H 

,,, 

( ,) 
R R' (i+3) 

0 

5 

Figure A-1 NOEs indicative of type II ~-turn formation in tetrapeptides. 1, 

daNU+l, i+2); 2, daN(i+2, i+3); 3, da,oU, i+l); 4, dNN(i+2, i+3); 5, d5c(i, i+3) (sc = 
side chain proton). 

The temperature dependence of the chemical shifts of the amide protons 

of peptide PDl were also determined. All amide proton temperature coefficients 

in this peptide were unusually high (-~o/ ~T > 8 ppb/K); this may be due to 

interaction of the charged groups with the peptide backbone. Typically, 

depressed amide proton temperature coefficients (-~o/ ~K < 6 ppb/K, in water) 

are an indication that the amide proton is protected from solvent, potentially 

through a hydrogen bonding interaction. 7 Although all the temperature 

coefficients were too high to make a definite conclusion on the extent of 
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hydrogen bonding, the amide proton of lysine at position (i+3) exhibits a 

temperature coefficient that is 3 ppb /K lower than the coefficients of the other 

two amide protons. This observation would be consistent with a type II ~-turn in 

which the amide at the (i+3) position is involved in a hydrogen bond with the 

carbonyl oxygen of the residue at position (i)11 (Figure A-1). 

NOE# Interaction Strength 

1 Pro2 o: - DAla3 NH Strong 

2 Lys4 NH- DAla3 o: Obscured by overlap 

3, 3' Glu1 o: - Pro2 8 Strong 

4 Lys4 NH - DAla3 NH Weak 

5 Glu1 ~ - Lys4 E Weak 

Table A-1 NOEs observed in the ROESY spectrum of peptide PAl (90:10 

H2O /D2O, pH 4.4). The NOE numbers correspond to those illustrated in Figure 

A-1. 

Position Residue -1).8/ !).T 

(ppb/K) 

(i) Glu1 12.2 

(i+2) DAla3 11.3 

(i+3) Lys4 8.5 

Table A-2 Amide proton temperature coefficients for peptide PAl in 90:10 
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Pro (i+ 1) DAla (i+2) 

Glu (1) 
Lys (i+3) 

5 

0 Hydrogen O Nitrogen 9 Oxygen ~ Carbon 

-------- Salt bridge ................... H-bond ~ NOE connectivity 

Figure A-2 Summary of NOEs observed in the ROESY spectrum of peptide P Al. 

Potential electrostatic and hydrogen bonding interactions are indicated. 
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CD analysis of P Al independently verified a type II ~-turn solution 

conformation for this peptide in solution. The positive ellipticity at 200 - 215 nm 

and the negative ellipticity observed below 195 nm and above 220 nm are 

indicative of a type II ~-turn (Figure A-3). The folded conformation of P Al was 

quite stable; the CD spectrum of the peptide was invariant between 5 °C and 50 

°C (Figure A-3, plot A). In contrast, the CD spectrum exhibited a marked pH 

dependence. While the turn conformation appeared stable between pH 4.1 and 

pH 7.9, a sharp decrease in turn character was observed at pH 3 (Figure A-3, plot 

B). The dependence of the CD spectrum on pH suggested that the electrostatic 

interaction between Glu 1 and Lys4 stabilized the turn structure at pH values at 

which both the residues were ionized. Protonation of the side chain of Glu1 

below pH 4.0 disrupted this stabilizing interaction, and resulted in reduced turn 

character. 

The CD and NMR analysis of peptide PAl indicated the presence of a 

folded type II ~-turn conformation in solution. Two distinct structural features 

were included in this peptide to stabilize the folded structure: The heterochiral 

Pro2-DAla3 sequence, and the electrostatic interaction between residues Glu 1 and 

Lys4. The Pro-DAla sequence has been demonstrated to promote type II ~-turn 

formation in tetrapeptides, although the turn propensity was dependent on the 

identity of the residues at positions (i) and (i+3).7' 9 To determine the relative 

importance of the electrostatic interaction between Glu1 and Lys4 in the 

promotion of a type II ~-tum conformation in peptide P Al, peptide Ac-Glu-Gly­

G l y-L ys-NH2 (GGl) was synthesized. In this peptide the turn-inducing 

heterochiral sequence of PAl was replaced by a flexible glycine linker (Gly2-

Gly3). 
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Figure A-3 CD spectra of peptide P Al. A. The temperature-dependence of CD 

spectrum. B. The pH-dependence of the CD spectrum. 
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NMR analysis of peptide GGl indicated that this peptide adopts a folded 

conformation in solution. Analysis of the ROESY spectrum for GGl revealed 

dNNU, i+l) and dNNU+l, i+2) NOEs, which would not be expected in an 

unstructured peptide. Although these NOEs are sequential, the short distance 

cutoff of the ROESY experiment ( < 3.SA), makes observation of these NOEs 

indicative of a folded conformation.11 Due to the smal size of tetrapeptide GGl, 

the folded conformation can be most likely attributed to a reverse turn or a short 

310 helix. Observation of a sequential dNN(i, i+l) NOE is compatible with a type 

III reverse turn, which is similar in geometery to a single turn of a 310 helix.10, 12 

Three of the four possible dNNU, i+l) NOEs were observed for peptide GGl 

(Table A-3) and are illustrated in Figure A-4. Significantly, these NOEs are not 

anticipated in peptides adopting the more common type I or type II reverse turn 

conformations.10 In addition to dNNU, i+l) NOEs, observation of a daNU, i+3) 

NOE would be expected in a 310 helix. Unfortunately only one such NOE is 

possible in the tetrapeptide GGl [daN(Glu1, Lys4)], and this NOE was obscured 

in the ROESY spectrum due to the overlapping Ca resonances of Glu1 and Lys4. 

The results of the 2D NMR analysis are summarized in Table A-3 and Figure A-4. 

NOE Assignment Intensity 

1 dNN(Glul, Gly2) medium 

2 dNN(Gly2, Gly3) weak 

3 dNN(Lys4, amide cap) weak 

Table A-3 Summary of NOEs between amide protons in the ROESY spectrum of 

peptide GGl. The relative intensities of the NOEs are indicated. 
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Figure A-4 Summary of the NOEs observed in the ROESY spectrum of GGl. 

The peptide is shown in the proposed 310 helical conformation. 
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Analysis of the CD spectrum of GGl also suggested that the solution 

conformation of this peptide was a type III turn. Although the ideal CD 

spectrum for a type III reverse turn is not well characterized, there are several 

features which support this conformation over alternative reverse turn 

conformations. The CD spectra of GGl at various values of pH exhibited a small 

positive ellipticity at 205-215 nm as well as a slight negative ellipticity at 225 nm; 

CD spectra of type I turns are characterized by much larger ellipticities.13 The 

CD spectrum of GGl also correlates with the theoretically calculated spectrum 

for a type III turn by Woody.13 As expected the solution conformation of GGl 

was dependent on pH. Below pH 4, the CD spectrum indicated a reduced 

population of structured peptide (Figure A-5), indicating that an electrostatic 

interaction between Glu 1 and Lys4 is most likely responsible for the folded 

conformation at higher pH. 
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Figure A-5 The CD spectra of peptide GGl at various pH. 
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A type III tum is equivalent to a single tum of a 310 helix,10 which exhibits 

a C=O(i)➔NH(i+3) hydrogen bonding pattern. Reduced amide proton 

temperature coefficients are therefore anticipated for position (i+3) and perhaps 

the (i+2) amide protons (due to interaction with the carbonyl of the acetyl cap). 

In contrast, the amide protons at the (i) and (i+1) positions are expected to be 

solvent exposed and have correspondingly higher amide proton temperature 

coefficients. Similar to the data obtained for peptide P Al, all of the amide proton 

temperature coefficients (-do/ dT) for peptide GGl are high (> 7 ppb/K), 

potentially due to the presence of charged residues.9 Although the amide proton 

temperature coefficients of GGl were too large to be conclusive of hydrogen 

bonding interactions (-do/ dT > 6 ppb/K), the relative values for the residues at 

positions (i+2) and (i+3) supported the hypothesis that this peptide adopts a type 

III or 310 helical conformation in solution. Coefficients for the (i+2) and (i+3) 

amide protons were 1-2 ppb/K lower than those observed for residues at 

positions (i) and (i+1) (Table A-4). This data, in conjunction with the two -

dimensional NMR and CD analyses, indicated that a significant population of 

GGl adopted a folded conformation in water which resembled a type III reverse 

tum or a 310 helix. 

Position Residue -do/ dT 

(ppb/K) 

(i) Glu1 9.8 
(i+1) Gly2 9.9 
(i+2) Gly3 7.4 

(i+3) Lys4 8.6 

Table A-4 Amide proton variable temperature coefficients for peptide GGl. 
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Although conformational analysis indicated that a significant population 

of P Al does adopt a type II p-turn conformation, tetra peptide sequences which 

exhibit stronger type II p-turn forming tendencies have been examined.7 

Although lysine and glutamic acid have been shown to be effective in forming an 

efficient salt bridge across the turn of an ex-helix in the (i, i+4) positions, the side 

chains of these residues are probably too long, and have too much 

conformational freedom to be ideal in stabilizing a turn structure. Significantly, 

studies of model ex-helical peptides indicated that peptides incorporating a Glu(­

ve)-Lys(+ve) salt bridge separated by only two residues [i.e., at (i, i+3)], were less 

helical than similar peptides in which these residues were separated by three 

residues [at (i, i+4)].2 Analysis of peptide GGl indicated that glutamic acid and 

lysine at positions (i) and (i+3), respectively, was more compatible with a 310 

helical conformation than a type II p-turn in the absence of the Pro-DAla 

sequence, further supporting the conclusion that these residues are not of the 

ideal side chain length to stabilize a turn conformation. These results also 

highlight the influence of a Pro-DXaa sequence in directing type II p-turn 

formation. The obvious preference for the Glu(-ve)-Lys( +ve) pair is to span a 

distance of approximately 6 A,1, 2 which approximates the pitch of an ex-helix or 

310 helix, as demonstrated both by the analysis of model ex-helical peptides2 and 

by the data presented for peptide GGl. Nevertheless if these residues flank a 

Pro-DXaa sequence, then a type II p-turn is preferred. 
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The conformational analyses of peptides PAl and GGl emphasize the 

potential utility of salt bridge interactions in directing the folding of the peptide 

backbone, at least for small peptides. Significantly, tetrapeptide GGl exhibited 

NMR and CD evidence of a folded conformation despite the presence of two 

flexible glycine residues. Unfortunately, the naturally occurring ionizable amino 

acids are probably not of the ideal side chain length to stabilize sheet and turn 

structure through inter-strand salt bridges. Therefore, the synthesis of an 

unnatural amino acid which might be more amenable to this application was 

undertaken. 
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aMaa: A Non-Standard Amino Acid to Stabilize Sheet and Tum Structure 

The approach to protein design adopted by the Imperiali group and 

described in Chapter 1 utilizes non-standard and unnatural amino acids to 

control polypeptide structure and incorporate function. As an extension of this 

concept, the potential utility of (2S,3S)-diaminobutyric acid (allo-p-methyl-p­

amino-alanine or aMaa, 1) to stabilize sheet and turn structures through steric 

and electrostatic interactions was investigated. 

1 

Boe 
I 

'r,,NH 

Fmoc,~~OH 

H 0 

2 

Figure A-7 Structure of aMaa (1) and the corresponding derivative, Fmoc-L­

aMaa(Boc)-OH (2) protected for solid phase peptide synthesis. 

The propensity of p-branched amino acids to form p-sheet structure has 

been demonstrated by both investigations of the crystal structures of proteins,14 

and experimental investigations of model p-sheet systems.15-17 The 20 naturally 

occurring amino acids present a limited choice in this regard, consisting of 

mainly hydrophobic residues (Val, Ile). Utilization of the natural p-branched 

residues in the design of stable sheet structures can result in poor solubility and 

aggregation of the resulting peptides due to the hydrophobic nature of these 

residues. The non-standard, ionizable amino acid aMaa was synthesized to 

overcome these problems. Since this amino acid is both p-branched and 
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hydrophilic, it was envisioned to be useful in the design of structures 

incorporating amphiphilic sheets. Alternating with hydrophobic residues in a 13-

sheet structure, aMaa would create the hydrophilic face of an amphiphilic sheet, 

increasing the solubility of the peptide in water. Furthermore, the length of the 

aMaa side chain makes it ideal for inter-strand salt bridge formation with 

appropriately placed aspartate residues on an adjacent strand (Figure A-8). 

When used in conjunction with a nucleating turn, these salt bridges could serve 

to 'zip' together two strands of a sheet, propagating sheet formation in the 

creation of a 13-hairpin structure. 

Figure A-8 Schematic representation of an amphiphilic 13-hairpin employing 

inter-strand aMaa-Asp salt bridges; • indicates a hydrophobic residue. 

The synthesis of N<X-9-fluorenylmethoxycarbonyl-Nl3-tert­

butyloxycarbonyl-(2S,3S)-diaminobutyric acid, 2, has already been published as a 

step in the synthesis of Lavendomycin, an antibiotic hexapeptide by Schmidt et 

al. 18 Some problems were encountered in reproducing the reported synthetic 

protocols and a modified synthesis scheme was pursued (Figure A-9). Following 

protection of the amine and carboxylate groups of threonine, a Mitsunobu 
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reaction19 was used to convert the ~-alcohol of 4 to the azide (5). Attempts to 

reduce azide 5 by the method reported by Schmidt18 (hydrogenation with 

Lindlar catalyst)20 were unsuccessful. Instead reduction of azide 5 to the amine 6 

was effected with H2S in water and pyridine.21 After removal of the carboxylate 

protecting group, the free side chain amine is protected with a tert­

butoxycarbonyl (Boe) protecting group to yield the suitably protected amino 

acid, 2. This residue was successfully incorporated into a peptide by solid phase 

peptide synthesis. 

To probe the turn and sheet-stabilizing properties of aMaa, the peptide 

Ac-Asp-Val-Pro-D-Ser-Phe-aMaa-NH2 (MDl) was synthesized. In this design 

aMaa and Asp were incorporated flanking the type II ~-turn-forming sequence, 

Val-Pro-D-Ser-Phe,12 at positions (i-1) and (i+4). It was anticipated that salt­

bridge formation between these residues would serve to propagate the sheet 

formation initiated by the type II ~-turn. 

2-D NMR analysis of peptide MDl revealed a number of NOEs 

characteristic of a type II ~-turn.7' 10 The results of this study is summarized in 

Table A-5 and Figure A-10. The amide proton temperature were consistent with 

the NOE data. A depressed amide proton temperature coefficient for the (i+3) 

amide proton was observed(-~<>/ ~T < 6.0 ppb/K). Additionally, strong daN (i, 

i+1) NOEs for residues AspLVal2 and Phe5-aMaa6 suggested an extended or 

sheet-like conformation for these residues.10 
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Figure A-9 Synthesis of Fmoc-aMaa(Boc)-OH (2). 
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Figure A-10 Summary of NOEs observed in the ROESY spectrum of MDl. The 

peptide is illustrated in the proposed ~-hairpin conformation. The NOEs are 

listed in Table A-5. 
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NOE# Assignment Relative intensity 

1 daN(Pro3, Seri) strong 

2 daN(Seri, Phe5) strong 

3 da0(Val2, Pro3) medium 

4 dNN(Seri, Phe5) weak 

5 dy,8!!::(Val2, Phe5) very weak 

6, 6' daNU, i+l) strong 

Table A-5 Summary of NOEs indicative of turn and sheet structure observed in 

the ROESY spectrum of peptide MDl. 

The potential role of the unnatural amino acid, aMaa, in stabilizing the 

type II ~-turn structure observed for peptide MDl was investigated by 

comparing the results of the NMR experiments performed on MDl with those 

obtained for the tetrapeptide Ac-Val-Pro-D-Ser-Phe-NHl (VPDSF, Table A-6 and 

A-7). VPoSF exhibited fewer NOEs indicative of turn formation and a higher 

(i+3) amide proton temperature coefficient compared to peptide MDl (Table A-5, 

Table A-6).7 These differences indicate that the inclusion of Asp and aMaa 

residues, flanking the turn sequence, resulted in a more compact folded turn 

structure. In particular, peptide MDl exhibited an NOE interaction between the 

side chain protons of Val2 and Phe5 which was not observed in the tetrapeptide 

sequence. The more compact turn structure of peptide MDl might result from a 

stabilizing electrostatic interaction between the charged residues (aMaa 1 and 
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Peptide Sequence NOEs 

MDl Ac-aMaa-Val-Pro-DSer-Phe-Asp-NH2 1,2,3,4,5 

KDl Ac-Lys-Val-Pro-DSer-Phe-Asp-NH2 1,2,3,5 

VPoSF Ac-Val-Pro-DSer-Phe-Asp-NH2 1,2,3,4 

Table A-6 Comparison of the NOEs observed in the ROESY experiments of 

peptides MDl, KDl , and VPoSF. NOEs correspond to those illustrated in 

Figure A-1. 

-lib/ !iT (ppb/K) 

Peptide Sequence 
(i-1) (i) (i+2) (i+3) (i+4) 

MDl Ac-aMaa-Val-Pro-DSer-Phe-Asp-NH2 7.0 8.2 10.9 5.6 5.8 

KDl Ac-Lys-Val-Pro-DSer-Phe-Asp-NH2 7.8 10.5 9.5 5.9 6.3 

VPoSF Ac-Val-Pro-DSer-Phe-Asp-NH2 8.7 8.8 5.8 

Table A-7 Comparison of the amide proton temperature cefficients for peptides 

MDl, KDl, and VPoSF. 

The NMR data obtained for peptide MDl was also compared to that 

obtained for peptide KDl (Ac-Asp-Pro-DSer-Phe-Lys-NH2).22 Significantly, the 

dNN(i+2, i+3) NOE which is particularly indicative of type II ~-tum formation in 

short peptides7' 10 is not observed in the ROESY spectrum of peptide KDl. 

Surprisingly NOE #5 [d~,o!E:(Val2, Phe5)] was observed for KDl, indicating 

association of the side chains of the residues at positions (i) and (i+3). This 
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peptide differs from MDl only in the substitution of lysine for the non-standard 

amino acid aMaa. Peptide KDl is still capable of forming the (i-1) - (i+4) 

electrostatic interaction, although it was anticipated that this electrostatic 

interaction would be less favorable than the shorter salt bridge of the MD 1 

design. The observation of NOE #5 [dp,o!f:(Val2, Phe5)] in the absence of NOE #4 

[dNN(Ser4, Phe5)] suggests that although the Lys-Asp salt-bridge may be 

stabilizing a reversal of the peptide backbone for KDl, the peptide does not adopt 

an ideal type II p-turn geometry. Additionally, the amide proton temperature 

coefficient for position (i+3) is higher for peptide KDl than for peptide MDl. 

These results indicate that aMaa residue is more appropriate than the naturally 

occurring alternatives for electrostatic stabilization of a p-hairpin containing the 

desired type II p-tum. 

Conclusion 

Conformational analyses of the peptides PAl, GGl, and MD 1 

demonstrate the possibility of stabilizing folded conformations with electrostatic 

interactions. In particular the ability of a non-standard amino acid, aMaa, to 

stabilize type II turn formation was highlighted by a comparison of the solution 

conformations of peptides MDl and VPoSF. The ability of defined P-turns to 

nucleate structure within designed polypeptides was demonstrated in previous 

chapters and has been extensively exploited within the lmperiali group. These 

studies point to the potential for augmenting the utilization of these turns with 

stabilizing electrostatic interactions. Therefore, the exploitation of salt-bridges 

represents yet another protein design tool for the creation of polypeptides with 

preprogrammed structure. 
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Experimental 

The synthesis of NCX-fluorenyloxycarbonyl-NP-tert-butoxycarbonyl-(25 ,35)­

diaminobutyric acid [Fmoc-aMaa(Boc)-OH] was accomplished by an adaptation 

of the protocols reported by Schmidt and coworkers18 (Scheme A-1). 

NCX-9-Fluorenylmethoxycarbonyl-L-threonine (3) 

L-Threonine (42.2 mmoles) was dissolved in 45 ml of 10% NaCO3(w /v) 

and stirred at O cc. 9-fluorenylmethyloxycarbonyl succinimidyl carbonate 

(Fmoc-OSu) was added to 55 ml of dioxane to form a slurry which was then 

added dropwise to the cooled (0 cc) threonine solution. After complete addition 

of the Fmoc-OSu the reaction mixture was allowed to warm to room 

temperature, and stirred for 2hrs. The dioxane was removed in vacuo and the 

reaction mixture was diluted with water and washed with ether (3x 400ml). The 

aqueous phase was cooled to O cc and the pH adjusted to 3.0 with 6 N HCL The 

resulting suspension was extracted with ethyl acetate (3x 200ml). The ethyl 

acetate phase was dried to yield 10.64 grams of white solid (74% yield). 

1H-NMR (300 MHz, CDCl3) 8 (ppm): 7.2-7.8 (m, 8H), 6.7 (s, broad),6.4 and 6.1 

(both doublets, lH, alternate conformations), 4.4-4.5 (m, 4H), 4.2 (t, lH), 1.0-1.25 

(set of doublets, 3H, alternate conformations) 

NCX-9-Fluorenylmethoxycarbonyl-(2S,3R)-threonine-N'-tert-butyl-oxycarbonyl­

hyrazide (Fmoc-Thr-NHNHBoc) (4). 

Fmoc-amino acid 3 (1.46 mmole), dicyclohexyl carbodiimide (1.46 mmole), 

and t-butyl carbazate were dissolved in dry THF and stirred at room temperature 

for 4 hours. A white solid (dicyclohexyl urea, DCU) which precipitated from the 

reaction mixture was filtered and the solution concentrate in vacuo Small scale 

reactions were purified by flash chromatography in 1:1 CHCl3/EtOAc in a 92 % 
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yield. Large scale reactions were purified by repeated precipitation from EtOAc 

to recover 40-60 % of pure 4. The remaining product in the concentrated 

supemate was purified by flash chromatography in 1:1 CHCl3/EtOAc. 

Recovered yield: 60-92% depending on scale. 

Rf=0.31, 1:1 CHCl3/EtOAc; Rf=0.36, 20:1 CHCl3/MeOH 

lH-NMR (300 MHz, CDCl3) <> (ppm): 8.6 (s, lH, broad), 7.3-7.75 (m, 8H), 6.9 (s, 

lH), 6.1 (d, lH), 4.25-4.5 (m, 4H), 4.1 (m, lH), 1.45 (s, 9H), 1.2 (d,3H) 

13C-NMR (300 MHz, CDCl3) <> (ppm): 18.5, 28.3, 47.3, 59, 67.5, 82.5, 120.2, 125.3, 

127.3, 127.9, 141.5, 143.8, 158, 169, 171.4 

NU-9-Fluorenylmethoxycarbonyl-(2S,3S)-2-amino-3-azido-butyryl-N' -tert­

butyloxycarbonyl-hydrazide (5). 

To a cooled solution (-78 °C) of triphenylphosphine (PPh3) (2.8 mmole) the 

following were added in order: 89.5 µl DEAD (diethyl azodicarboxylate, 2.8 

mmole), 6 ml HN3 in C6H6 (0.48 M), and 4 (2.6 mmole in 1ml dry THF). The 

reaction was warmed to room temperature and stirred for 3-6 hours. The crude 

reaction mixture was concentrated in vacuo and purified by flash 

chromatography in 35:65 EtOAc/Hexane. The presence of the azide was 

confirmed by observation of a peak at 2100 cm-1 in the IR spectra. 

Yield 30 - 60 % 

Rf=0.65, 1:1 EtOAc/CHCb; Rf=0.31 35:65, EtOAc/Hexane 

lH-NMR (300MHz, CDCb) <> (ppm): 1.2 (d, 3H), 1.35 (s, 9H), 3.9 (m, lH), 4.2 (m, 

lH), 4.3 (m, lH), 4.5 (m, 2H), 6.0 (d, lH), 7.2-7.4 (m, 4H) 7.6 (d, 2H), 7.8 (d, 2H), 

8.9 (s, lH). 

N<X-FI uorenylmethoxycarbonyl-(2S ,3S )-diamino-butyryl-N' -tert­

butyloxycarbonyl-hydrazide (6). 
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Protected amino acid 5 (2.5 mmole) was dissolved in pyridine (48 ml) and 

48 ml of water added. H2S was bubbled slowly through the stirred reaction 

mixture over 12 hours. The reaction mixture was neutralized with acetic acid, 

concentrated in vacuo, and lyophilized to dryness. The resulting solid was 

dissolved in methanol and filtered through celite. The solution was concentrated 

in vacuo to yeild the product 6. The reduction of the azide was verified by IR 

spectroscopy. 

Yeild: 100 % 

ltt-NMR (300MHz, CD3OD) 8 (ppm): 1.2 (d, 3H), 1.4 (s, 9H), 1.9 (s, 3H) 3.6 (m, 

lH), 4.2 (m, lH), 4.4-4.5 (m, 3H), 6.0 (d, lH), 7.2-7.4 (m, 4H) 7.64 (m, 2H), 7.75 (m, 

2H), 8.5 (m, lH). 

N<X-9-Fluorenylmethoxycarbonyl-(2S,3S)-diamino-butyric acid, (Fmoc-Maa­

OH) (7) 

Protected amino acid 6 (2.5 mmole) was dissolved in 4.6 mls of dioxane 

and 9.3 mls of 6N HCl was added. The reaction mixture was stirred at 80 °C for 

8-12 hours. The acid was removed from the reaction mix by repeated dilution 

with water followed by concentration in vacuo. Yield on this reaction was 

quantitative. 

1H NMR (300MHz, CD3OD) 8 (ppm): 1.25 (d, 3H); 3.8 (m, lH); 4.3 (d, lH); 4.5 (m, 

2H); 4.65 (m, lH); 7.2-7.4 (m, 4H); 7.7-7.8 (m, 4H) 

13c NMR (CD3OD) 8 (ppm): 23.5, 55.0, 56.1, 67.7, 120.1, 125.4, 127.3, 128.0, 141.7, 

144.3 
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NUF}uorenylmethoxycarbonyl-.Nf3-tert.-bytryloxycarbonyl-(2S,3S)­

diaminobutyric acid (2). 

Amino acid 7 (1.3 mmoles) was brought up in 14 ml dioxane/water /lN 

KHCO3 (2:1:1) to form a slurry. BociO (di-tert-butylpyrocarbonate, 1.3 mmole) 

was added dropwise to the reaction mixture. The reaction was stirred at room 

temperature overnight. The dioxane was removed in vacuo and the reaction 

mixture diluted with water and washed with ether. Addition of ether produces a 

gel-like aqueous phase which is washed 3 times with ether. The aqueous phase 

is acidified with citric acid and the product extracted into ethyl acetate. The ethyl 

acetate phase was dried over sodium sulfate and concentrated in vacuo to yield a 

slightly beige product. 

Yield 37 % 

Rt= 0.36, 5:1 CHCb/MeOH 

1H NMR (300MHz, DMSO-d6) b (ppm): 1.0 (d, 3H); 1.33 (s, 9H): 3.9 (m, lH); 4.1-

4.3 (m, 4H); 6.7 (d, lH); 7.2-7.4 (m, 4H), 7.5 (d, lH); 7.7 (d, 2H); 7.9 (d, 2H) 

13c NMR (CD3OD) b (ppm): 15.4, 27.9, 43.0, 58.0, 67.4, 73.3, 120.1, 125.4, 127.3, 

127.9, 141.7, 144.4, 172.7 

Peptide Synthesis 

Peptides PDl, GGl, and MDl were synthesized by solid phase methods 

on a Milligen 9050 automated peptide synthesizer using Na_ 9 _ 

fluorenylmethoxycarbonyl (FMOC) protected amino acids and BOP /HOBT or 

DIPCIDI/HOBT amide coupling chemistry.23 Syntheses were performed on a 

0.126 mmole of peptide using Fmoc-Pal-PS resin (0.31 meq/ gram) and glass 

beads. Activated esters were formed in situ using either BOP, HOBT, and 0.451 

M N-methyl-morpholine in DMF or DIPCDI and HOBT in 1:1 DMF:DCM. Fmoc 

deprotection was accomplished by washing the resin for 7 min with either 20% 
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piperidine in DMF or 2%(v /v) l,8-diazabicyclo[5.4.0]undec-7-ene (DBU).24 

Typical recycle times were 1 to 1.5 hours using a 3 or 4 fold excess of amino acid. 

Double coupling procedures were used for amino acids which have been 

reported to be difficult to couple.25 The amino terminal of the peptide was N­

acetylated while on the resin by treatment with 20 equivalents of acetic 

anhydride and 5 equivalents of triethylamine in DMF. After shaking for 3 hours 

the resin was washed with DMF, dichloromethane, and methanol, and vacuum 

dried. 

Deprotection and cleavage of the peptides was accomplished by treatment 

with 5-10 mls of Reagent R26 (trifluoroacetic acid/thioanisole/ethane dithiol 

(EDT)/ anisole (90:5:3:2)) for 2-3 hours. The resin was filtered, washed with TF A 

and the filtrate collected and concentrated under a stream of nitrogen. The 

peptides were precipitated and triturated with ether/hexane 2:1. The peptides 

were then dissolved in a minimum quantity of water and lyophilized to dryness. 

Peptide PAl and GGl did not require further purification. Peptide MDl was 

purified by size exclusion chromatography (P2) using 50 mM acetic acid as the 

running solvent. The peptide eluted in 12 minutes, under gravity 

NMR Studies 

All NMR data were taken on either a Bruker AM or a Bruker AMX 500 

MHz instrument. An initial 1-D spectra were taken in DMSO-d6 to access purity, 

all other spectra including two-dimensional experiments were taken in 90:10 

H2O /D2O with typical peptide concentrations of 10mg/0.5ml. Phase sensitive 

COSY (peptide PAl) and TOCSY27 experiments were used to assign spin 

systems.10 Sequence specific assignments and conformational analysis were 

accomplished on the basis of NOE information obtained from a ROESY28 

experiment. Presaturation of the water signal was accomplished during the 
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relaxation delay (1.3 s). All 2D spectra were recorded at 282 Kor 285.5 K. The 

temperature dependence of the amide proton chemical shifts was determined by 

acquisition of a lD experiment at 285, 290, 295, 300, 305, and 310 K. All spectra 

were processed on Felix. Fills were multiplied by a phase shifted (90°, TOCSY & 

ROESY) (0°, COSY) sine bell apodization function prior to Fourier 

transformation. 

CD studies 

CD studies were performed on a Jasco J-600 Spectropolarimeter. Peptide 

samples were prepared in distilled water at an initial concentration of 10 - 51 µM, 

and spectra recorded in 1cm pathlength cells. For the variable temperature study 

of peptide P Al, the sample was degassed by sparging with nitrogen for 30 min. 

Variable temperature studies were performed in a water jacketed cell using a 

circulating temperature controlled bath and CD spectra were acquired from 185 

nm to 250 nm on the same sample in 5 °C increments from 5 °C to 50 °C. The pH 

dependence of the CD spectra of peptides PAl and GGl was determined using a 

10 - 50 µM peptide sample. The pH of the sample was adjusted with small 

additions of dilute NaOH and HCl. CD spectra were taken from 200 nm to 250 

nm at room temperature. Eight scans were obtained for all spectra at a scan 

speed of 50 nm/min, a bandwidth of 1.0 nm and a time constant of 0.5 sec. The 

concentration of the sample was adjusted for each peptide depending on signal 

strength. All spectra were normalized to molar ellipticity. Data was processed 

with KaleidaGraph software on a Macintosh Ilci. 
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Peptide PAl 

lH NMR (500MHz,d6-DMSO) o (ppm): 8.2 (d, lH), 8.06 (d,lH), 7.8 (d, lH), 7.7 

(broad singlet), 7.26 (s, lH), 7.04 (s,lH), 4.5 (m, lH), 4.2 (m, 2H), 4.1 (m, lH), 3.5-

3.7 (m, 4H), 2.7 (broad singlet), 2.3 (m, 2H), 1.9 (m, lH), 1.8 (m lH), 1.5-1.75 (m, 

6H), 1.4 (m, 3H), 1.2 (m, SH) 

Residue alpha amide side chain 

Acetyl cap 2.00 

Glu1 4.58 8.48 2.03, 1.87, 2.38 

Pro2 4.40 3.88, 3.70, 2.06, 1.94, 1.30 

DAla3 4.31 8.72 1.41 

Lys4 4.31 8.27 1.79, 1.90, 1.66, 1.41, 2.99 

Amide cap 7.29, 7.71 

Table A-8 Assignment table of the 1H NMR spectrum of PAl (o, ppm). Spectra 

were referenced to the acetyl cap at 2.0 ppm (water signal at 5.0 ppm) (500 MHz, 

90:10 H2O/D2O, pH 4.4) 
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Peptide GGl 

lH NMR (500 MHz, DMSO-d6) <>(ppm): 8.25 (t, lH), 8.10 (m, 2H), 7.8 (d, lH), 7.7 

(broad singlet), 7.3 (s, lH), 7.0 (s, lH), 4.2 (m, lH), 4.13, (m, lH), 3.70, (m, 4H), 

2.75, (s, broad, 2H), 2.24 (t, 2H), 1.8 (m, 4H), 1.7 (m, 2H), 1.5 (m, 4H), 1.25 (m 2H) 

Residue alpha amide side chain 

Acetyl cap 2.00 

Glu1 4.24 8.49 2.05, 1.91, 2.33 

Gly2 3.91 8.70 

Gly3 3.91 8.36 

Lys4 4.26 8.20 1.83, 1.72, 1.39, 1.62, 2.94 

Amide cap 7.16, 7.64 

Table A-9 Assignment table of the 1H NMR spectrum of GGl (<>, ppm). Spectra 

were referenced to the acetyl cap at 2.0 ppm (water signal at 5.0 ppm) (500 MHz, 

285.5, 90:10 H2O/D2O, pH 4.4) 
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Peptide MDl 

Residue alpha amide Side chain 

Acetyl cap 2.00 

Maa1 4.80 8.59 p 3.8; y 1.18 

Val2 4.40 8.52 p 2.0; y 0.88, 0.95 

Pro3 4.39 p 1.86, 2.26; y 2.04, 1.94; 8 3.89, 3.6 

DSer4 4.33 8.64 p 3.75, 3.69 

Phe5 4.54 8.28 p 2.99, 3.09; ring 7.20 

Asp6 4.50 8.39 p 2.61, 2.56 

Table A-10. Assignment table of the 1H NMR spectrum MDl (8, ppm). Spectra 

were referenced to the acetyl cap at 2.0 ppm (water signal at 5.0 ppm) (500 MHz, 

282 K, 90:10 H2O/D2O, pH 4.4) 
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