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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
B-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 B-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 Bpo 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" -
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, BBA1, which adopted a defined tertiary

structure in the absence of metal ions. The solution structure of BBA1 was
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solved using NOE-restrained simulated annealing, and confirmed the desired
Bpa topology.

In a second project, unnatural amino acids and defined B-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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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
(o-helices, p-sheets, and B-turns).! Expanding on these rules, many researchers
have used model systems to determine the thermodynamic basis for the a-helical
propensities of amino acids.®® There is good agreement among the various
scales developed;10 in general, unbranched residues (eg., alanine and leucine)
have the highest helical propensities.!! 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 macrodipole!? or by participating in
hydrogen bonding interactions with the "open" amide and carbonyl
functionalities at the ends of helices (helix "caps").131® 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.!” Based on these efforts, the construction of o-helices that are
inherently stable as monomers in aqueous solution is now routine.®

Investigations of B-sheet proteins have been considerably more
challenging. In contrast to o-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 B-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 B-sheet model systems based on natural p-sheet proteins to investigate
the propensities of amino acids to form sheet structure.!®2! Unlike the

numerous thermodynamic scales for a-helical structural preferences, which in
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general are in good agreement, B-sheet propensities appear more context-
dependent, relating to both secondary and tertiary structure interactions. 0 19
Although there is some variability among scales the qualitative trends observed
are that B-branched amino acids (isoleucine, threonine, and valine) are and the
aromatic amino acids (phenylalanine and tyrosine) have high sheet
propensities.zo' -

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.!? 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.?? In this approach
sequences designed to form amphiphilic o-helices or p-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.?*
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.?>?” 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.”> % 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.?® 2 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 (o1B), peptides consisting of two (o)
or four (og) copies of the helix connected by three-residue loops were
synthesized.?® ?° 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.39 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 o1 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.’l" 32 Most recently a helix-loop-helix peptide (D) based on B was
designed.®® This peptides forms the desired non-covalent dimer and exhibits
many of the properties of native proteins (dispersity of the 1D 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.>* Similar to the a; 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 B-sandwich protein, betadoublet, has been developed.®® This 35-
residue sequence was designed to form a 4-stranded, antiparallel g-sheet through
disulfide-mediated homo-dimerization. The assembly of a similar disulfide-
linked B-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 Felix>* and «4?® in order to promote loop formation and prevent the
extension of the helices. Similarly, the residues comprising the turn regions in
betabellin3® and betadoublet®® were chosen to specifically disfavor the

continuation of the p-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 novo design.®
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.3° Based on this observation,
asparagine was incorporated into the coil-Ser sequence, and resulted in
sequences for which dimerization predominated.3° 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.”" 4! The peptide 'Velcro' was
designed to form a heterodimeric coiled-coil.*? 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 disulfides*! or by linking the two helices
via peptide loops.*% %3 Diverse helix-loop-helix proteins have also been
designed?34> and several have been partially characterized by NMR

techniques.*3 44
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The de novo 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 B-sheet protein which included a metal binding site.*® The
resulting 61-residue protein had significant a B-sheet content, exhibited
cooperative urea denaturation, and bound divalent metal ions. Unfortunately,
the polypeptide had a solubility limit of 10 uM 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.*” 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. > 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.*8 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.*8 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' 0 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 o/p-barrel
protein motif exemplified by the structure of triosephosphate isomerase >l 2
The best characterized of these efforts is a 207 amino acid sequence.”? 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.>!

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.3® 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.>’

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 novo 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.3> 3651

Dispersity of the proton resonances in the 1-D NMR spectra of designed
proteins has also been used as an indicator of tertiary structure.3% 33 35 36 [f
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.”> > 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’ > 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.3% 3% 3¢ 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 novo 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.?® Dutton and coworkers have reported the synthesis of heme-binding
four helix bundles for the development of synthetic electron-transfer systems.>™
%6 These designs exhibit some of the desired spectroscopic and electrochemical
properties of heme proteins. In addition, Benner and coworkers® and Sasaki
and Kaiser®3 have reported using the helical bundle motif in the design of
catalytic polypeptides. The decarboxylation of oxaloacetate viz an imine
intermediate was accomplished by Benner and coworker through the
construction of a 14-residue helical peptide, "oxaldie", that forms helical
bundles.”” 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.>> 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 - RNA, 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.?®®? 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.%®> 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.®* ® 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 IH 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 bipyridy166' .
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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68-70, 72 3

pyridoxal mediated chemistry or introduce electron-transfer properties’
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 B-turns as structural nucleation elements.”4
Early investigations of the protein folding process have suggested the structural
importance of the p-turn.”>78 The explicit role of reverse turns in native systems
appears to be context-dependent. In some cases, turns may passively result from
B-sheet formation, or in other systems the chain reversal may contribute more
directly to the structural stability and proper folding of the proteins.”?81
Regardless of the role of turns in natural systems, a well defined and structurally
characterized B-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 B-sheet structure within synthetic constructs. Several
classes of B-turns have been identified by investigations of protein crystal
structures. % 8283 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 B-turns are the type I and type II

turns.3 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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(1) g, (i+2)

l+3)

Figure 1-2 The dihedral angles (¢,y) of the central two residues of a four residue

B-turn define the p-turn-type.

turn (1+1) (i+2)
Type 01 wi®) 60 V2 (°)
I -60 -30 -90 0
I 60 30 90 0
I -60 120 80 0
T 60 -120 -80 0

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

occurring B-turn-types.

Efforts in the Imperiali group have focused on the development of type II
B-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 B-turns. Extensive studies of

tetrapeptide sequences71' &

revealed that stable type II turns could be formed in
isolation by the incorporation of proline 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
74

type II B-turn formation.

Type | Type Il

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 B-turns.
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The design of a ppp 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
Bpa 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.®> These small
motifs have received considerable attention in recent years due to their wide
spread occurrence in a variety of transcription factors.®®> 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 8¢ 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 po architecture.38 Chapter 3
presents the iterative design and analysis procedure used in the evolution of a
metal-independent ppa motif based on the zinc finger domains including the
incorporation of both type II and type II' B-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 p-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.”! 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 B-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, (25,3S)-diaminobutyric acid (3-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 B-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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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.!® 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%%and

sequences containing primarily alanine®

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 acids’ and to investigate the
effects of helix dipole interactions,? helix-stop signals,!! and charged groups on
helix stability.!? 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.!* Several natural peptides have
also illustrated the potential of exploiting amphiphilicity in the creation of helical
structure.!* Based in part on these observations, the de novo design of four helix

bundles, !5 coiled coils, 16 7 18-20

and helix-loop-helix 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.



31

Model systems for studying B-sheets have been more difficult to obtain;
unlike o-helices, isolated B-sheets are generally not stable. Some of the
difficulties in studying B-sheets arise from the extended nature of this element of
secondary structure; B-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 B-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.?t
While protein design has met with considerable progress in recent years,

most successful designs are either large (>60 residues)!®> 21, 22, 2

or
multimeric.?? 2 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 1H 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 B-turns as structural
nucleation elements?® to promote B-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 B-sheet, consisting of a strand-turn-strand-loop-strand topology in
which a defined B-turn could be employed to join the first two strands.
Considerable work in the Imperiali lab has focused on understanding the
requirements for type II turn formation in model tetrapeptides,?® 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 Bpp motif (Figure 2-1, Turn A). In addition to functioning
as a structural nucleation element, a well defined type II B 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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Figure 2-1 Schematic representation of the proposed Bpp motif.

The template for the design of a BBB motif was derived from an
investigation of the structures and sequences of a family of homologous snake
neurotoxins.?” 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.?8-1  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 novo design, and native hydrophobic interactions as structural

determinants.
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Domain 1
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Figure 2-2 The structure of erabutoxin b.28 The template used for the
construction of a PP motif is encircled and arrows indicate the direction of the
backbone.

The available structures of the neurotoxins in the protein database were
explored?8-31 to determine the best target sequence for this design effort. Several
factors were considered: the extracted ppp 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% B-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 (Cys#l) which forms a disulfide with Cysl?, 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 ppp motif

(Figure 2-3).

~<—— Gheet ———» < Turn—> <€—— Gheet =k

Loop
S_Y25_H26_ K27_Q28_w29_830_D31 _F32_R33_GS4_T35_|36_|37_E38_ R39_G40_C41 _G42_C43_

J

——>»<— Turn —» <€ Sheet —> disulfide with
P44_T45_V45_K47_P48_G49_|50_ K51 _L52_853_Cs4g core

Figure 2-3 Sequence of erabutoxin b residues 24-53. The secondary structure of
the sequence as observed in the crystal structure®® 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 p-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,?® 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 Bpp 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.

TOX1:
! 5 10 15 20 25 30
YHKQF SVPDSHTII  ERGSGCPTVKPGIKLSC

NAT1I:
1 5 10 15 20 25 30
YHKQWSDFRGTIIERGSGCPTVKPGIKLSC

TOX2:
1 5 10 15 20 25 30
YHKQWSVPDSHTII ERGSGCPTVKPGIKLSC

Table 2-1 Sequences of peptides based on erabutoxin b 24-53. All sequences
have free amino and carboxylic acid termini.

TOX1 : Incorporation of a type II turn
Design Rationale

In the first design attempt (TOX1) the turn connecting the first two stands
of "Domain 1" (Figure 4-2, Turn A) was re-engineered to include a defined type II
B-turn. This region is poorly defined in the solution structures of several
neurotoxins that have been solved by NMR,3¥ 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 -Asp3l-Phe-Arg-Gly34-
corresponds a type I p-turn.?® Type I p-turns have a slightly twisted geometry>*
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 -
sheet structure. The ideal dihedral angles of type I and type II B-turns as well as
those of residues 31-34 in the erabutoxin b crystal structure?® are shown for

comparison in Tables 1-1 and 2-2.

Residue position o (°) v (°)
Asp 31 (i) -135 -176
Phe 32 (1+1) -62.3 -18.1
Arg 33 (i+2) -86.1 -27.5
Gly 34 (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 (¢ =
-139°, y=135°)

In TOX1 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.?® A heterochiral sequence, -Pro-DSer- was used to

direct type II B-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 TOX1 sequence)
connecting the crossover loop and the third strand (Figure 2-2, Turn B) was
retained in TOXI1.

In order to confirm that the incorporation of the engineered type II -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+1) 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 B-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, TOX1. 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



39
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 TOXI1.

Disulfide

Electrostatic
interaction
QO Hydrogen
Nitrogen
@ Oxygen
Carbon

@) Sulfur

Type II
Turn A

Strand 1

Ser for Cys

B.
~<— Sheet — > Tumm A < Sheet =< Loop —> Turn 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'

Figure 2-4 Design of TOX1. A. The proposed structure of TOX1. B. The
sequence of TOX1. The changes to the original erabutoxin b sequence are

indicated.
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In summary, the initial design, TOX1, 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 B-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 TOX1 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 sulfoxide®® to form the intramolecular disulfide bridge followed by

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

Structural Analysis

Structural analysis of TOX1 was performed with a number of two-
dimensional NMR techniques. Spin systems were assigned by analysis of COSY
and TOCSY spectra.3¢ 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 Cy, proton of Cysl? was
obscured by the water signal and could not be identified in spectra taken using
90:10 H20:D70 as solvent, but was observed in TOCSY spectra acquired in D;0.
The NH and B-proton resonances were confirmed by observation of the amide-
beta cross-peak in the TOCSY spectrum. Sequential assignments were made
from the observation of dgn(i, 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, ng =

7.81ppm), the amide resonances were tightly clustered in only a 0.54 ppm range
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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 TOX1.

Analysis of the NOESY spectrum taken at 281 K was performed to
determine the presence of secondary or tertiary structure for TOX1. 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 dnn(i+2, i+3) and a
strong doN(i+1, i+2) NOEs, although not conclusive, are indicative of type II turn
formation (Figure 2-5).3% These NOEs were observed for both the designed and
the natural type II turns in TOX1. All three dyn(Ser?, His10), don(Ser?, Hisl0)
and strong duN(Pro8, Ser?) NOEs were present in the NOESY spectrum of TOX1
and suggested turn formation in this region.3® The absence of the expected
dan(Pro8, His10) NOE indicated that this sequence did not form a tight B-hairpin.
Two of the analogous NOEs (dnN(Gly2?, 1le26) and den(Pro24, Gly2%)) 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 p-turn. A. Tetrapeptide (with proline at
position i+1) in a type II turn formation. B. NOEs indicative of type II turn
formation. 1 dgN(@i+1, i+2); 2 doN (i+2, i+3); 3,3" dgs(i, i+2); 4 dnN(i+2, i+3); 5
dgN(i+1, 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 TOX1:
Turn A: -Val”-Pro8-DSer9-His10-
Turn B: -Lys23-Pro24-Gly25-1e26-

In addition to the NOEs specified, a low amide proton temperature
coefficient (-A8/AT < 6.0 ppb/K) for the amide at position (i+3) is expected for a
turn-like conformation (Figure 2-5).26 In a B-turn structure this amide
participates in a hydrogen bonding interaction with the carbonyl at position (7).
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. Hisl0 and Ile26 at position (i+3) of the
designed and native type II B-turn, respectively, have significantly lowered
temperature coefficients (-A8/AT < 4.0 ppb/K) in agreement with the NOEs

observed for these region .

(@) Ho
& i g
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T H
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Figure 2-6 Schematic illustration of the NOEs which define an ideal B-sheet
structure. Intra-strand dgn(i, i+1) are shown as solid arrows, while the inter-
strand daa(Z, 7), ANN(E, j) and deN(i, j) are shown by dashed arrows.
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B-sheet structure in proteins is characterized by both short range intra-
strand and long range inter-strand NOEs (Figure 2-6).3% In an extended, sheet-
like structure, the dgn(i, i+1) distance is < 3.0 A, and should result in strong
don(i, i+1) NOEs in NOESY (~ 5.0 A cutoff) and ROESY (~ 3.5 A cutoff)
experiments. Strong den(i, i+1) 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 B-sheet in TOX1. Although don(i, i+1) NOEs are not unique
to B-sheet structure, observation of these NOEs did suggest an extended

backbone conformation.3®

While the remaining residues showed strong to
medium dgn(i, i+1) 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
don(i, i+1) sequential NOEs, the observation of several dggq(i, j), dNN(, j) and

).36 None of these

don(i, j) NOEs uniquely identifies sheet structure (Figure 2-6
inter-strand NOEs were observed for TOX1 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 (7, i+1) NOEs were observed for TOX1. 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 TOX1. Reduced amide temperature coefficients

(-A8/AK < 4.0 ppb/K) were observed only for His!0 and Ile2¢ 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 TOX1. 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 dgn(Pro8, Hisl0) or dgn(Pro?4, 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 B-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
Cys#2-Ger substitution (NAT1), and TOX2, the Phe>—>Trp derivative of TOX1.
The first of these peptides, NAT1, 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 TOX1
numbering scheme). This residue is invariant in the toxin family and evidence
suggests that it plays both a structural and functional role.3® Trp2? 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 TOX1 but

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

NAT1 and TOX2:
Both peptides TOX2 and peptide NAT1 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).3” Subsequent to the synthesis of TOX1, 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 NAT1 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 (AMW -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.3” 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

NAT1 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
DMEF was used successfully for Fmoc deprotection during SPPS of TOX2.

Structural Analysis

The NMR results for both peptides NAT1 and TOX2 are qualitatively
similar to those obtained for TOX1. The native sequence (NAT1) was found to
be considerably more insoluble than either of the sequences containing the
designed type II turns (TOX1 and TOX2). While the solubility limit appeared to
be ~ 8mg/ml (2.7mM), this concentration was sufficient for NMR analysis.

In the NAT1 peptide, the original type I p-turn connecting strands 1 and 2
(residues Asp’-Gly10), and the type II B-turn between the loop and the third
strand (residue Lys?23-Ile26) were maintained (Figure 2-2, Turn A and B,
respectively). NMR analysis revealed that, just as was the case for TOX1, several
NOEs indicative of type II turn formation for residues Lys23-Ile26 were observed
in the NOESY spectrum of NAT1 (strong doN(i+1, i+2) and dnn(i+2, i+3) NOEs).
Additionally, the amide of Ile2¢ 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 dgN(i+1, i+2) NOE. Specifically, a strong den(i+1, i+2) NOE is
expected for a type II p-turn, while this NOE is very weak in a type I p-turn which
exhibits a strong dNN(i+1, i4+2) NOE instead (Figure 2-7). In the case of the type

II turn containing the heterochiral Pro-DSer sequence in TOX1, 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 B-turn.?® The native
sequence of NAT1 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 Arg® 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 dgn(i+1, i+2) NOE between Phe8 and Arg? could also not be
accurately ascertained due to spectral overlap. Therefore, although the reduced
amide temperature coefficient of Glyl0 and the dnn(Arg?, Glyl0) NOE suggested

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

P

(
b
N ] )
)
Yo )

Type ll

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

type II B-turn.
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Sequential dgn(i, i+1) NOEs were observed for many residues of NAT1
(Table 2-4). Additionally dnn(i, i+1) 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
(Asp’-Gly10). As mentioned earlier the type I p-turn at this position in the
structure of erabutoxin b determined by crystallographic analysis?® 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 dnn(i, i+1)

O Ha
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Figure 2-8 A sequential dyn NOE is illustrated by the curved

NOEs in this region.

arrow for a peptide backbone in an extended conformation. The
expected sequential dgn NOE is also shown.

Peptide TOX2 differs from TOX1 only in the Phe>—>Trp substitution. As
with TOX1, NOEs for both the engineered and the native type II B-turns were
observed for peptide TOX2. A strong sequential dgN(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 Hisl0 at position (i+3) indicated type II turn formation for residues 7-10. In
this case the inclusion of the heterochiral sequence, Pro8-DSer?, 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 deN(i, i+1)
NOEs similar to NAT1, the dNN(i, i+1) observed for residues surrounding the
turn region are considerably weaker (relative to the turn dNn(Arg?, Gly10) NOE)
or absent in this peptide, highlighting the differing effects of the type I and type
IT B-turns on the conformation of the surrounding residues. A comparison of the
relative intensities of both dgn(i, 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.
(1) (i+1) TOX1 NAT1 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(7, 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 dgN(7, i+1) NOEs (200 ms NOESY, 281 K)

a-proton| amide TOX1 NAT1 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 ) 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 dgn (i, i+1) NOEs for each
peptide. Relative intensities are based on qualitative inspection of the NOESY
spectrum and serve only for comparison within a peptide. # Proline at the i+1
position. ¥ Alpha proton resonance obscured due to water signal.
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Residue TOX1 NAT1 TOX2
His 2
Lys3 -7.72 -7.755 -7.67
Gln4 -7.57
Trp 5 -8.32 (Phe) -9.91 -9.45
Ser 6 -6.10 -5.22 -5.84
Val 7 -8.68 -4.82 (Asp) -7.57
Pro 8 -6.37 (Phe)
DSer 9 -9.30 -5.48 (Arg) -8.47
His 10 -3.93 -1.81(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
Val 22 -8.70 -9.08 -9.46
Lys 23 -8.92 -9.35 -9.36
Gly 25 -7.10 -7.205 -7.24
Ile 26 -3.45 -3.34 -3.22
Lys 27 -6.78 -7.67 7.58
Leu 28 -8.26 -7.47 -7.77
Ser 29 -8.13 -8.36 -8.35
Cys 30 -4.82 -5.197 -5.48

Table 2-5 Comparison of amide proton variable temperature
coefficients (A8/AT, ppb/K)for the three peptides. The sequence listed
is for TOX2. Sequence differences in peptides NAT1 and TOX1 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.?° 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.*’ Engineering cystine bridges into
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existing proteins has been the focus of several protein design efforts, 4143

Interestingly, not all efforts have resulted in increased stability.** The failure of
some efforts has been attributed, in part, to the strict geometrical constraints on
the formation of disulfides with low torsional energies.*> 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 (3 =
-90°) or a right-handed "hook" conformation (x3 = +90°) although considerable
variance was noted.?? Recently, Katz and Kossiakoff solved the crystal structure
of several variants of subtilisin which contained engineered disulfides.*® They
also performed a more comprehensive analysis of the conformations of both
engineered and native disulfides in proteins.*® 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.
The theoretical torsional strain energy of a disulfide is determined primarily by
the 3 dihedral angle, which exhibits an energy minimum at + 83°.46 The other
side chain dihedral angles (x!, x2) have less influence on the energy but do
exhibit definite conformational preferences.*® While Katz and Kossiakoff
concluded that even high energy strained disulfides are tolerated in engineered
systems, % 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.** 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 novo 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.® 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 structure?® revealed that the disulfide retained in the TOX1
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 pBp 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 , , Ca-Ca |Class Predicted
i e 48 = & Dist. (A) energy46
54-43 -61.5 | 1785 | 83.6 | 66.7 |-1743| 560 |4 RH 2.83
30-19 kcal/mol
17-41 -47.41| -54.1 | -82.7 | -91.8 | -74.1 570 {1 1H 0.54
-7-17 kcal/mol
3-24 -65.2 | -67.8 | -85.4 | -59.8 | -60.7 568 |1 LH 0.54
-22-(-1) kcal/mol
55-60 53.5 | 889 | 855 | 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 TOX1 sequence indicated below. If feasible, each disulfide has been

classified (according to Katz and Kossiakoff)*® 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 B-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 B-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 BB
topology.

In addition to cystine, non-natural thiol containing amino acids could be
considered for disulfide bond formation , including as p-methyl cysteine (Bmc)*’
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 B-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 B-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 Bpp
motif was not achieved, several valuable lessons were learned. Caution must be

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 BBR motif is an appealing motif for the design of a catalytic
polypeptides; the accessibility of a hydrophobic binding pocket comprising the B-
sheet and the ability to position several functional residues in close proximity
around a B-turn are desirable characteristics for the long term goal of functional
peptidyl constructs. While reassessment of the designed ppg 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 B-sheet character which may serve as more appropriate natural
templates. Charybdotoxin forms a compact papp motif in only 37 residues,
including 3 disulfides.>! 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
BpB motif described here, consisting of a strand-loop-strand-turn-strand
topology.®® 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

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

techniques
structures developed in this lab.

A third and very appealing possibility is presented by the zinc finger
peptides.>* > Sequential arrays of these small domains (25-30 residue) form the
DNA binding regions in many transcription factor proteins.>® > These
polypeptide fragments form compact mini-globular structures with a ppo
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 pep’cides.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 B-turns as structural nucleation elements are elaborated

upon in the next two chapters.
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Experimental
Peptide Synthesis

TOX1 was synthesized by solid phase methods on a Milligen 9050
automated peptide synthesizer using N®-9-fluorenylmethoxycarbonyl (Fmoc)
protected amino acids and BOP/HOBT or DIPCDI/HOBT amide coupling
chemistry.”® Peptide TOX1 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.>” 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/H,O/ anisole/phenol)®® 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)%® 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 reagent®® 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.?C Tryptophan is
also acid labile and sensitive to oxidation, therefore minimal peptide cleavage
time is desirable.®! 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).®? 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 (C149H235042N4352, 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
N> and the reaction mixture blanketed with N». The crude unoxidized peptide
was purified by semipreparative (10 mm x 25 cm) reverse phase C1g HPLC using
acetonitrile:H>O (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.3® 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) Cig reverse
phase column (tgr = 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 TOX1. The cleavage protocols developed for peptide NAT1 were
adopted. The peptide was purified in the reduced form and the disulfide formed
by oxidization with 20% DMSO in HyO, 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 (C145H232004N42S2, MW calc. 3307.9 obsvd. 3308+1).
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NMR Analysis

Two-dimensional 1H NMR spectra of TOX1, NAT1, and TOX2 were
obtained on a 500 MHz AMX Bruker spectrophotometer. In each case purified
peptide was dissolved in 440 pl of 90:10 HoO/D20 and the pH adjusted to pH
4.2-4.3 with small aliquots of NaOH or HCl. Spectra of TOX1 were acquired at
277 K, 281 K, and 300 K, at a peptide concentration of 6.9 mg/440ul. Peptide
NAT1 was found to be only partially soluble in water and the NMR spectra were
acquired at a concentration of 4.4 mg/440 ul (2.7 mM) at 277 K, 281 K, and 300 K.
Spectra of TOX2 were acquired at a concentration of 9.9 mg/464 pl at 277 K, 281
K, 290 K, and 300 K. Complete sequence specific assignments>® (see Tables 2-8,
2-9, and 2-10) for backbone and side chain protons were determined using total
correlation spectroscopy (TOCSY),%? magnitude mode correlation spectroscopy
(mmCOSY), nuclear Overhauser spectroscopy (NOESY),®® 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
Tyr! 4.19 3.05,3.12, 6.81, 7.09
His? 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
Phe® 4.65 8.54 3.02,3.12,7.33,7.23
Ser® 4.45 8.35 3.76
Val” 4.40 8.37 2.02,0.94, 0.97
Pro8 4.44 251, 1.93, 208,199 d 393,3.72
DSer? 4.55 8.44 3.86
His!0 4.81 8.54 3.14,3.22,7.24, 8.61
Thrll 4.28 8.35 4.10,1.17
Ilel2 4.16 8.44 1.83, 1.17,1.48, 0.858, 0.84
Ilel3 414 8.40 1.83,1.17,1.48, 0.86, 0.84
Glul4 4.34 8.62 1.94,2.05,2.32
Argl> 4.34 8.62 1.87,1.79, 1.65, 1.66, 3.20, 7.27
Gly!lé 4.01 8.65
Serl7 4.45 8.44 8.87,892
Gly!8 3.98 8.63
Cys!? 5.00 8.42 291,821
Pro20 4.50 1.94,2.30,2.02,2.08 d 3.72,3.85
Thr2l 4.27 8.25 413,1.21
Val22 419 8.30 2.09,0.91,0.93
Lys?23 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
Gly2 417,3.74 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
Leu?8 4.44 8.41 1.63, 1.65,0.90,0.93
Ser29 441 8.72 3.80, 3.90
Cys30 4.50 8.20 3.13,3.25

Table 2-7 NMR assignments for TOX1. 500 MHz, 90:10 H>O:D,0, pH 4.25,
281K, 6.9mg/440ul, referenced to DMSO (8 2.72ppm).



65

residue alpha amide |side chain
Tyr! 4176 3.038, 3.124, 6.802, 7.065
His?2 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
Gln# 4.312 8.65 1.986,1.916
Trp® 4.662 8.489 3.28,7.242,10.19, 7.581, 7.096,
_ 7.192,7.442
Ser® 4.316 8.144 3.745, 3.596
Asp? 4.543 8.226 2.642
Phe8 4.536 8.251 3.081,7.312,7.236
Arg? 421 8.286 3.085,1.465, 1.791, 1.655, 7.280
Gly10 3.902 7.811
Thrll 4.315 8.150 4.162,1.186
Ilel2 4.15 8.37 1.44,1.156, 1.824, 0.826, 0.844
Ilel3 4.14 8.37 1.145, 1.44, 0.850, 0.805
Glul4 4.335 8.545 230, 1.93,2.03
Argld 4.303 8.57 1.861,1.768, 1.61, 1.65, 3.146,
7.237
Glylé 4.00 8.60
Serl7 4.446 8.415 3.873,3.922
Gly18 3.975 8.617
Cys!? 4.988 8.408 2911,3.202
Pro20 4.49 1.95,2.29, 2.00, 3.825, 3.704
Thr2! 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
Gly2> 4.163, 3.729 8.694
Ile26 4.255 7.821 1.96,1.381, 1.214, 0.907, 0.828
Lys27 4.34 8.550 1.758,1.735, 1409, 1.672, 2.983,
7.58
Leu?8 444 8.411 1.641, 1.606, 1.636, 0.883, 0.9332
Ser2? 4.540 8.473 3.863
Cys30 4.502 8.201 3.245,3.119

Table 2-8 NMR assignments for peptide NAT1. 500 MHz, 281 K, 4.4mg/490ul
90:10 H20:D70, pH 4.2., referenced to DMSO (8 2.72 ppm)
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residue alpha amide |side chain
Tyrl 4.185 3.033, 3.101, 6.806, 7.070
His? 4.599 8.60 3.06, 3.129
Lys3 4144 B 1.643,1.265, 1.592, 2.803, 7.538
Gln# 4.292 8.607 1.925,2.03
Trp® 4.697 8.4664 |3.278,3.207,7.224,10.172,7.595,
7.105,7.167,7.432
Ser® 4.424 8.217 3.886, 3.797
Val” 4.345 8.193 2.000, 0.963, 0.914
Pro8 4.419 2.316, 1.93, 2087, 1.991,3.93,
370
DSer? 4.403 8.7163  |3.886,3.797
His10 4.78 8.53 3.10, 3.274, 8.53, 7.189
Thrll 4.282 8.330 4.089, 1.163
Ilel2 4.153 8.423 1.826, 1.469, 1.156, 0.8552, 0.8465
Ilel3 4.145 8.385 1.813, 1.452,1.162, 0.8606,0.8052
Glul4 4.312 8.616 2.04,1.936,2.29
Argld 4.329 8.585 1.868,1.782,1.653, 3.187, 7.257
Glylé 4.01 8.647
Serl7 4.453 8.438 3.875,3.928
Gly!8 2973 8.647
Cys1? 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 4.129,1.207
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
Gly2 4.168, 3.735 8.703
Ile26 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
Leu?8 4.437 8.421 1.641, 1.606, 1.635, 0.895, 0.937
Ser?? 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/490ul

90:10 H2O:D0, pH 4.2, referenced to DMSO (8 2.72 ppm)
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Chapter 3

Evolution of a metal-independent ppa 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.!
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.> 3 Sequential arrays of these
domains are present in many DNA binding proteins, and are responsible for
DNA binding affinity and specificity.! Each domain has the approximate
sequence given in Figure 3-1A, and binds one zinc atom in a tetrahedral
geometry.’* Metal binding by zinc fingers is mediated by the conserved metal
binding cysteine and histidine residues (Figure 3-1A, residues in bold). In
addition to the metal coordinating residues, three hydrophobic amino acids are
conserved among zinc finger sequences. These residues (Figure 3-1A, 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-X5-Leu-X2-His-X3,4-His-X-

Figure 3-1 A. The conserved sequence of the zinc finger domains. B. The ppa
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 H nuclear magnetic resonance
spectroscopy (NMR) in the presence of zinc.® 7 Additionally the crystal
structures of arrays of zinc finger domains (2-5) co-crystallized with DNA have
been determined.”®° The structure of a zinc finger peptide-metal complex
consists of a ppo topology; two beta strands connected by an atypical loop form

the B-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 B-hairpin and two histidine residues from the a-helix, while the
hydrophobic cluster consists of two aromatic residues (typically phenylalanine
and tyrosine) in the B-hairpin and a hydrophobic amino acid (typically leucine)
from the helix. This architecture is represented schematically for a natural zinc
finger domain in Figure 3-1B.

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 p-sheet permits the use of structurally defined B-turns
to act as structural nucleation elements and promote B-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;% 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, ADR1, is shown both as the
free peptide (a) and the complex with Zn2+ (b).1? 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 ADR1,"
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 Imperiali 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 sequence® and
Zif268.% 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 sequence! and that of Zif268, a DNA
binding protein consisting of three domains which has been co-crystallized with
5

(

DNA, are shown for comparison.” (Standard one-letter abbreviations for the

natural amino acids; Z=Fen)
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ZFO1: 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 p-hairpin and metal binding site were redesigned to include
a type II B-turn and an unnatural metal binding amino acid, respectively. In
natural zinc finger peptides, an atypical loop connects the B-strands. This loop
appears to be flexible and poorly defined in the first finger of the crystal structure
of Zif268, as well as the NMR structure of the single zinc finger, Xfin.” 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 p-turn may serve as a nucleating
element in the folding process.!38 Accordingly, several recent computational'®-
21 and spectroscopic studies??"2* have focused on establishing the stability of the
various B-turn types. In particular, heterochiral type II turns have exhibited an
inherent stability in theoretical and experimental investigations.!> %% 23 Thus, in
the first generation design, ZFO1, the B-hairpin region was engineered to
incorporate a heterochiral type II B-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 p-hairpin. It has been shown that with the
exception of the metal binding ligands and the three highly conserved
hydrophobic core residues (Phel, Phe8, and Leul4 in our system), alanine
substitutions are tolerated at nearly every position in the natural zinc finger
motif.?> Therefore for the initial design, peptide ZFO1, the central residues of the
redesigned B-strands (positions 2 and 7) were alanines. The helix of ZFO1 was

based on the sequence of the Zif268 protein.’
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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.2® Therefore the elucidation of metal
coordination for these motifs generally relies on observation of the tetrahedral
coordination of Co2* to these peptides.?” 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+2” 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' 2% 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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CyspHis; site was therefore converted to a HispFen site containing exclusively
nitrogen-based ligands. This modification required the replacement of the two
Cys ligands within the p-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 normally required
to prevent the oxidation of these residues to the corresponding disulfide.3
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

ZFO1 was analyzed by circular dichroism and UV-Vis spectroscopy. CD
spectroscopy was used to investigate the metal binding behavior of ZFO1. These
studies indicated that the structure of ZFO1 was metal dependent (Figure 3-5 A).
Although the CD signature of the peptide in the absence of metal was mainly
random coil, 3! 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.!? 11
Furthermore, metal-binding titrations monitoring the UV signal of the
phenanthroline chromophore, demonstrated the formation of a 1:1 ZFO1-Zn2+
complex (Kp = 0.65 + 0.60 uM). 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 ZFO1 was invariant with pH (4.0-7.0) and peptide
concentration (14 pM-1.3 mM) demonstrating the absence of aggregation

behavior.
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Figure 3-5 CD analysis of ZFO1. A. Far UV CD spectra of ZFO1. 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 ZFO1 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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ZFO2: Increasing the Inherent Secondary Structure.
Design

Towards the goal of a preorganized metal independent structural motif,
the second generation design, ZFO2, included amino acid substitutions selected
to increase inherent secondary structure.? The alanine residues in the B-hairpin
region (positions 2, and 7) were replaced with the B-branched amino acid
threonine, which has a higher propensity to adopt an extended or sheet-like
conformation.3? These positions are located on the solvent-exposed exterior of
the sheet and threonine also imparts hydrophilicity to this face. In addition, the
B-branched amino acids in the o-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 ZFO2 revealed that the secondary structure of ZFO2 was
considerably more preorganized than that of ZFO1, 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 (Kp = 0.89 + 0.36 uM). The CD
signature was not dependent on peptide concentration (15 uM-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 ZFO1 (Figure 3-6B).
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Figure 3-6 CD analysis of ZFO2. A. Far-UV CD spectra of ZFO2. 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 ZFO?2 in the presence (solid line) and absence of (dashed line) Zn2+.
The spectra are normalized to the concentration of Fen chromophore.
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NMR Analysis

The CD spectrum of ZFO2 strongly resembled those of native zinc fingers,
therefore the structure of ZFO2 was investigated in the presence and the absence
of metal by NMR techniques. Analysis of the 2D NMR spectra of ZFO2 in the
presence of metal revealed that although spin systems corresponding to residues
in the helix were visible, most residues in the turn, surrounding Fen®, 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 ZFO2 taken in the presence and the absence of zinc.

Figure 3-7 (following page) Similar regions TOCSY spectra of the ZFO2-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 ZFO2-Zn*2 complex by NMR
was not feasible, the CD spectra of ZFO2 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 ZFO2 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 dgn(i, i+1) are usually weak or absent within this element of

secondary structure,3 5

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 dNn NOEs 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 dNnN(i, i+1) NOEs within a helix can be verified by the
observation of dgn(i, i+3) NOEs, although observation of such NOEs is more
critically dependent on the presence of a defined helix.3® These NOEs were very
weak or absent in the NOESY spectrum of ZFO2 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, Fen®, 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 (Leul4) 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.

ZFO3: 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 ZFO2
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’ B-turn was investigated. Studies of the protein
database3® have found that tight B-hairpins primarily involve type I' or type II' -
turns, despite a general prevalence of type I and type II B-turns in protein
structures.>’ 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 B-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 ZFO3 incorporated a type II' reverse turn.

The (¢, y) dihedral angles associated with the central two residues of the
type II’ B-turn [(60°, -120°), (-80°, 0°)] are the inverse of those defining type II p-
turn formation [(-60°, 120°), (80°, 0°)].3¢ This fact leads to the opposite chirality

preference for the type II’ B-turn relative to the type II p-turn. Specifically, the
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LPro%-DSer> sequence present in the first and second generation designs was

replaced with DPro*-LSer? for ZFO3.

Type Il 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 B-sheet formation.

CD Analysis

The CD spectrum of uncomplexed ZFO3 exhibited a signature similar to
that seen for peptide ZFO2, however, in this case the spectrum changed very
little upon addition of Zn2*, indicating that the secondary structure for ZFO3
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 uM-1.4 mM). UV studies conducted in parallel
confirmed metal binding by the Fen residue (Kp = 0.99 £ 0.73 uM). 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

ZFO1 and ZFO2.
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Figure 3-9 CD analysis of ZFO3. A. Far-UV CD spectra of ZFO3. 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 ZFO3 in the presence (solid line) and absence (dashed line) of Zn2+.
The spectra are normalized to the concentration of Fen chromophore.



93

cis Pro trans Pro trans Pro
o
O - N
* ,
0 S
-~ N
.
3
B Q
I
N
- N
0 ©- |.
) ) Y
cis Pro 0
2NuA ; | | l
4.6 4.4 3.6 3.4
F2 (ppm) F2 (ppm)

Figure 3-10 Region of the TOCSY spectrum of ZFO3, illustrating the two
alternative conformations observed for this peptide for the residue DPro4. The
assignment of cis and trans Pro# amide isomers were obtained from the analysis
of model peptides.
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NMR Analysis |

Based on the CD results, ZFO3 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 p-hairpin region containing DPro* (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 DPro%. 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 ZFO3, the conformation of the B-

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
IT' Turns

In order to examine the isomerism of DPro# of ZFO3 in greater detail, the
peptide Ac-Thr-His-DPro-Ser-Fen-Thr-NH, (HF1) corresponding to the turn
region of ZFO3 was synthesized. The 1D NMR spectra was considerably more
complicated than expected for a simple hexapeptide, reminiscent of the larger
peptide construct, ZFO3. This is illustrated in Figure 3-11 which depicts the
downfield region of the 1D spectra. Spin system assignment by total correlation
spectroscopy (TOCSY) demonstrated that HF1 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 dgg(His3, DPro4) and dy5(His3, DPro4) NOE
confirmed the identity of the cis (~40%) and trans (~60%) Pro* 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 HF1,
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
Pro# 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 € proton of His? 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
HF1. A. Schematic representaton of the cis and trans proline amide isomer of
HF1, illustrating the NOEs indicative of the proline amide geometry. B. A
section of the ROESY spectra of HF1. 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,
do,N(Pro, Ser); 2, dan(Ser, Fen); 3 and 3’, do,5(Xaa, Pro); 4, dNn(Ser, Fen); 5,
dps(Xaa, Pro). The (i)-(i+1) amide is shown in the trans conformation.

The sequence of HF1 was designed to adopt a type II' turn (in the trans
conformation) within the ppa motif. The 2D NMR spectra of HF1 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 NOEs® illustrated in Figure 3-13 and a
low VT coefficient (-A8/AT < 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 HF1. Additionally variable
temperature analysis of the amide proton chemical shifts by 1D 1H NMR
revealed that the Fen amide was protected in the trans proline amide isomer.
Thus, a significant population of the trans amide isomer adopted a type II' turn-

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 B-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.

-A8/ AT (ppb/K)

Peptide sequence NOEs?  Thrl His Ser Fen Thrt

Ac-Thr-His-DPro-Ser-Fen-Thr-NH, 1,2,3,4,5 nd 60 nd 352 nd

Table 3-1 Conformational analysis of the trans isomer of HF1. “NOEs present in
ROESY experiment for the trans conformation. NOE identities are as presented
in Figure 3-8. The amide proton temperature coefficients for Thrl, Thré, and Ser4
could not be determined due to overlap in the 1D ITH NMR spectra.

In order to manipulate the cis-trans proline 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

proline amide geometry,38' e

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 p-branched
amino acid (VF1 vs. AF1) and the affect of a more functionalized hydroxy amino
acid (VF1 vs. TF1) 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 1D and 2D 1H NMR. The cis amide
bond between residue (i) and Pro (i+1) results in a large upfield shift in the
resonances for protons associated with residue (7). The cis-trans isomer ratio
could therefore be quantified by integration of the 1D NMR signals of the side
chain methyl protons of residue (i). This is illustrated in Figure 3-14 for peptide

VF1. The trans amide isomer dominated by greater than 90% for all sequences

investigated.
S VF1:Ac-V-oP-S-Fen-NH -
(=) 280K, pH 4.46, 500MHz Bruker AMX
S
©
&
0
N
= I = —
0.8 0.4 0.0
ppm

Figure 3-14 Upfield region of the 1D 1H NMR spectrum of VF1, illustrating the
resonances of the methyl proton of Vall. Integration of these peaks for the cis
and trans proline 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 (-
A8/AT < 5.0 ppb/K). While NOEs #1-3 and #5 were observed for all peptides,
VF1 also exhibited NOE #4 which is particularly indicative of a turn-like
conformation in small peptides (Figure 3-13).2% 2 In the series of tetrapeptides
studied, peptide VF1 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.

-A8/ AT (ppb/K)

Peptide % trans NOEs“ Xaa Ser Fen

VF1: Ac-Val-DPro-Ser-Fen-NHj> 94 % 1,2,3,4,5 936 803 352
TF1: Ac-Thr-DPro-Ser-Fen-NH» 94 % 1,2,3,5 8.18 9.51 3.59
AF1: Ac-Ala-DPro-Ser-Fen-NH> 92 % 1,265 9.10 8.83 4.53

Table 3-2 Conformational analysis of model type II' tetrapeptides. # 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
BBa 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’ B-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 B-turns in small peptides,?® therefore the first
two designs, ZFO1 and ZFO2, 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 ppo 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 ZFO2 was still lacking in the absence of metal.

Based on analysis of B-turns the protein database,?” modeling studies were
performed to compare the effects of type II and type II" B-turns on sheet
geometry. These studies suggested the potential utility of the type II" turn for
promoting B-hairpin formation. The third generation design, ZFO3, 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
proline. A series of tetrapeptides was synthesized to probe the effect of the
residue preceding proline on the isomer ratio. The specific sequences changes
required to both increase the trans proline 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 ZFO3 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 N®-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 (N¢-
fluorenylcarboxymethyl-3-(1,10-phenanthrol-2-yl)-L-alanine) amino acid®® and
four equivalents of 1-hydroxy-7-azabenzotriazole (HOAT) and O-(7-
azabenzotriazol-1-yl)-1,1,3,3,-tetramethyluronium hexafluorophosphate
(HATU)* 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/H0O/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 Cjpg
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 ZFO1 MH+
calcd 2635.9, obsd 2635.9 (PDMS). Peptide ZFO2 MH* calcd 2775.2, obsd 2775.7
(PDMS). Peptide ZFO3 MH* caled 2775.2, obsd 2775.7 (MALDI). Peptide VF1
MH* calcd 592.67 obsd 592.29 (FAB). Peptide TF1 cacd 594.64 obsd 594.27 (FAB).
Peptide AF1 calcd 564.62, obsd 564.26 (FAB).
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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-1lcm1). 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 uM) 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 n-n* 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 (Kp) were obtained using an iterative process

based on the Scott equation®?:

bIM] _ Ml Kp
AA [Pep]; - Ae [Pep]; - Ae

(1)

Where : b = cell path length
[M] = free metal cation concentration
AA = change in absorbance due to complex
formation

[Peplt = total peptide in solution
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Ae = change in molar absorptivity due to
complex formation
The dissociation constants (Kp) were calculated from plots of [M] vs

[M]/AA by the following equation:

- intercept
Kp = L1 ()
slope
Initially, data was considered only at high [M]total so that the approximation
[M]totar=[M] could be used. The resultant values of Kp and Ae 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 Kp

and Ae 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 uM to 170 uM 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 uM 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
IT (Biosym Technologies, CA). Anti-parallel p-strands were generated by using
the dihedral angles ¢ =-139°, y = 135°. A B-hairpin connecting these strands was
created by adjusting the dihedrals of the central two turn resdiues: type II (¢1 =
-60°, y1 = 120°, o2 = 80°, yp = 0°), type II" (¢1 = 60°, y1 = -120°, ¢2 = - 80°, y2 = 0°).

NMR Studies
ZFO2

Two-dimensional NMR experiments (TOCSY,43' 44 DQECOSY,
4>ROESY,*® and NOESY*’) for the peptide in the absence of metal were
performed in 90:10 HyO:D,0, pH 4.5 on a 500 MHz Bruker AMX spectrometer.
Zn2* (1.1 equivalents of ZnCly) 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 (TOCEY]S 45 4 magnitude mode correlation
spectroscopy (mmCOSY), and nuclear Overhauser spectroscopy®’ (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 ZFO2-Zn?*+ 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
(Pro%, DSer,> Fen®) 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 (Pro?,
DSer>, Fen®) 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 His?!) residues and Asp!2 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.

ZFO3

Two-dimensional NMR experiments for ZFO3 were performed in the
absence of metal on either a 600 MHz Varian Unity Plus (NOESY)45 or a 500
MHz Bruker AMX (TOCSY*3, mmCOSY, and ROESY*®) spectrometer, in 90:10
H>0O:D20, pH 4.5. Spin systems assignments were accomplished using TOCSY,
mmCOSY, and NOESY (200 ms mixing time)> 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

Glul3 4.077 8.164 2.086, 2.346

Fen® 5.266 8.665 3.605

Thr 4.229 8.146 4.088, 1.063

Thr 4.241 8.366 4.033, 1.062

Pro# 4.454 1,919, 2.277,2.00, 3.750, 3.511
DSer> 4.466 8.937 3.884, 3.816

Ser 4.363 8.575 3.763, 3.825

Ser 4.374 8.566 3935, 3.877

Arg 4.199 7.848 1.627, 1.87, 1.726,3.209, 7.300
Arg 4178 8.032 1.763.1.597, 3,126, 7.538
Lysl6 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 4212 7.954 1.689, 1.605, 1.502, 0.902, 0.839
Leu 4171 8.077 1.764, 1.575, 1.669,

Ala 4.106 8.018 1.470

Ala 4.328 8.287 1.429

Gly?23 392 8.469

Phe 4314 8.214 2.764,2.670

Xaa nd? 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 709,719

Table 3-3 Partial assignment of ZFO2. Most spin systems could not be assigned
sequence numbers. # 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, 7639

Thr 4122 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 4237 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 4212 nd 1.617,1.759,1.884, 3.125, 7.374
Lysl6 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 4171 8.044 1.764,1.591, 0.858, 0.896

Leu 4.213 797 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 423 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 ZFO3 (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 HF1, VF1, AF1, and TF1 were
performed on a Bruker Instruments AMX 500MHz spectro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>