ABSTRACT

WILLIS, EVAN LAWRENCE. Exploring Effects of Aza-Amino Acid Installation on the
Secondary Structure of Peptides. (Under direction of Dr. Caroline Proulx.)

Peptidomimetics have been developed to modify the characteristics of
endogenous peptides while retaining their biological compatibility. Azapeptides are
described by the substitution of a carbon for a nitrogen in the a-position of the traditional
peptide backbone. As compared to a natural peptide, azapeptides have been shown to
display distinct stereoelectronic properties and increased resistance to proteolysis.
Previous reports have described an increased propensity for the adoption of turn-like
secondary structures and the promotion of hyperstable collagen-mimics. Herein is
described the expansion of applications of azapeptides. Two primary areas of research
were investigated: attempts to promote cross-strand hydrogen bonding capabilities within
small B-hairpin model peptides by addition of a single aza-amino acid in the upper -
strand region, and chemoselective coordination of various metals through the N-acyl
semicarbazide motif contained within the azapeptide to induce B-turns in a side chain

independent manner.
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DEDICATION

Brain-storming. Mind-swarming.
We must find our inner peace.

Do not despair, for it is there.
Biding for release.

Locked away, amidst the fray.
Creation holds the keys...

Chaos reigns. Know it truth.
The insatiable devourer.
Devoid of vestige.

Culmination?
Design?

Here we stand...
Atop a giant’s shoulders.
When will they begin to sag?
Is such a farce truly to be our lot?

Set stance. Set shoulder. Set sight.
Hold gaze with the cold dark blight.

Gnash and tear; thrash and flare.
Blaze bright as the white-hot sun.
Seethe and sear; burn and glare.

Rage!
Rampage!

Rattle the chains.
Barriers but crumbled debris
before the might of the willed.

Wrists and ankles bloodied and torn.
Chest heaving, throat raw.

The shackles of condition; rent.
Status quo; asunder.
Order; wrought.

Peace.
Your part — played.
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CHAPTER 1 : INTRODUCTION
1.0 Peptides as Therapeutics

Intimate understanding of the fundamental principles that direct biological
processes has placed a demand on the advancement of technology and tools with which
to study and interact with these complex systems. Elucidation of the structure and function
of biological systems rests in reliable and robust means for synthesis of molecules with
which to probe and modulate the interactomes of living systems. While some advances
lie at a fundamental level, the desire to cure disease has driven scientific advances in
medicinal chemistry and drug discovery.l! Synthesis efforts have provided potent and
selective therapeutics, with early efforts focusing on small molecules obeying Lipinski's
rule of five.[ More recent advances in the area of protein-based drugs have shown great
promise in curing diseased states using macromolecular biologics instead (e.qg.,
antibodies).! Oligomers of amino acids — peptides — are poised between these two
distinct areas of chemical space.*® Combinations of 20 endogenous amino acids, and
the three-dimensional structures created upon folding, endow peptides with unparalleled
selectivity and specificity toward their targets (similar to proteins), while they remain
amenable to chemical synthesis (similar to small molecules).

The field of peptide chemistry is hardly recognizable when compared to its origin
in the synthesis of a free-dipeptide in 1901.¢! The advent of Bruce Merrifield’s Nobel-Prize
winning ‘solid-phase peptide synthesis’ (SPPS) launched synthetic peptides onto the
forefront of investigations into the nature of signal-transduction, hormones, growth
factors, protein-folding, and enzymatic activity.l®8l Increases in the efficacy of synthesis,

development of library-based methodologies!® including phage-display*®, and more



sophisticated means for screening large numbers of compoundsi*! has dramatically
accelerated the discovery, use, and understanding of the role of peptides in biology.[!23]
The interplay between primary, secondary, and tertiary structures of peptides and
proteins are well known to control molecular recognition binding events and downstream
biological function.!416l Regulation of blood glucose by a peptide hormone called insulin
provides a profound example of the potential for peptide-based therapeutics.['”l Health
effects of insulin were well documented prior to elucidation of its structure or
pharmacological mode of action. Insulin contains 51 amino acids in two strands consisting
of a few short alpha-helical motifs connected through turn regions and disulfide bridging.
Insulin’s discovery and introduction to the market as a “miracle drug” in 1923 has had a
profound and positive impact on human health at large.>'"l However, to list a few
predominant cruxes of the peptide-based therapeutic: they are rapidly degraded by
proteases, they typically occupy random and unproductive conformers, and cell
permeability is often limited.*% Before wide-spread use of peptide-based therapeutics
can be considered, the drug-ability of peptidic frameworks must first be improved.
Peptides that are better at crossing cell membranes and more resistant to degradation
are not just desirable, but necessary. That said, facile import of metabolically-stable
drugs, that lack selectivity, can display toxicity or off-target binding.
1.0.1 Functional Impact of Secondary Structure

The oligomeric nature of peptides and proteins to form a linear primary sequence
dictates that a different paradigm must be considered when compared to traditional
design and discovery of small molecule scaffolds.ly Whereas small molecule therapeutics

rely on decorating a rigid core-scaffold with the desired functionality or recognition,



development of more potent peptide-based drugs lies in the predictable population of
three-dimensional conformations that are created upon the folding of the primary

sequence into its respective secondary and tertiary structures.
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Figure 1.0 Schematic of the monomeric unit of a peptide (A) with backbone dihedral
angles highlighted in green. lllustrations of helix (B), sheet (C), and turn (D) structures.
An intimate understanding of these “rules” of folding and discovering means by
which the folding can be controlled lies at the core of research endeavors within this field.
In the search for more selective and potent inhibitors of protein-protein interactions new
secondary structures or ways in which to populate these secondary structures are of key
importance.*8l
1.1 Peptidomimetics as Therapeutics
Peptidomimetics!*® are non-natural peptide-based scaffolds designed to retain the
remarkable specificity and modularity known to peptides while simultaneously installing
advantageous chemical characteristics such as resistance to proteolysis, rigidification of
bioactive conformations, and regulation of cellular import.[81° Peptidomimetics have
been broadly classified based on similarity to their natural predecessors (Figure 1.1).1°

Class A - modified peptides Q
peptides mainly formed by a-amino acids with (%
minor side chain or backbone alterations ¢

Class B - modified peptides / foldamers l

Class C - structural mimetics
small molecule-like scaffolds that project M
substituents in analogy to peptide side chains

Class D - mechanistic mimetics \
molecules that mimic the mode of action of a
peptide without a direct link to its side chains

Figure 1.1 Classification of peptidomimetics.[**]

)|

small molecules

peptides with various backbone and side
chain alterations also including foldamers

peptidic character




Class A contains mimics with minimal modifications made to the either the backbone or
side-chain functionality of their endogenous counterparts e.g., peptide stapling and
noncanonical amino acids.?%?1 Class B peptidomimetics describe a more heavily
modified oligomer wherein major modifications to the backbone and sidechains have
been introduced; including foldamers such as B-peptides and peptoids.??23 The
oligomeric nature of the parent peptide is no longer involved in the case of Class C,
instead being substituted for a more small-molecule-like backbone which displays a
comparable spatial arrangement of sidechains.?¥ Finally, Class D forfeits these
similarities all-together; seeking only to mimic the mechanistic function of the parent
peptide.?® Armed with these principles of design, chemists have expanded the scope of
the endogenous peptide, developing more potent regulators of protein activity26-27],
creating novel secondary structuresl?®l, and enhancing chemical characteristics of
traditional peptidic scaffolds.?
1.2 Methods for Predictably Inducing Secondary Structures
Enhancing the drug-like attributes of peptides has driven a vast area of research
in the direction of structural rigidification. Research into the area of macrocyclic peptides
has seen a dramatic rise in the recent decades; in part due to their resistance to
proteolysis, but also as a result of their cellular import properties and the rigidification of
structural information.®® Beyond that of cyclization, a primary means by which
conformational control can be exerted is through the introduction of a non-natural residue

or residues which helps to reinforce or stabilize a desired secondary structure.



1.2.1 Installation of Structure Promoting Residues

Propensity for short peptide sequences to adopt a random-coil type structures in
agueous media can result in low target affinity due to entropic losses during binding.%
Two approaches are typically considered when designing a structure inducing
peptidomimetic. The first is introduction of covalent or cyclic constraints.'° Alternatively,
steric and electronic repulsion or hydrogen bonding can be leveraged to dissuade or
promote adoption of undesired or desired conformations.® These manipulations have
provided peptidomimetics with access to helix-3233  turn-B34-381  and sheet-likel3%-41]

geometries. A small sampling of these modifications can be seen in Figure 1.2.
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Figure 1.2 Sampling of structure promoting peptidomimetics.
A significant drawback of this method is the lack of universality in the approach to
varying only the secondary structure without altering the sequence. Coordination of

metals to peptide-like frameworks has been used in attempts to overcome this.



1.2.2 Coordination of Metals

Alternatively, metal coordination can be leveraged for purposes of folding
otherwise flexible peptide-based systemsl[*243l, for catalysis, molecular recognition, and
imaging.*+451 A wealth of research has shown successes in complexation of metals via
traditional and noncanonical peptide side-chainsi*6°% as well as modified peptide
backbones architectures.*351521 A sampling of such coordinate complexes is shown in

Figure 1.3.
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Figure 1.3 Sample of metallo-peptide and metallo-peptidomimetic scaffolds.



The Amino-Terminal Cu(ll)- and Ni-(Il) (ATCUN) motif derived from proteins whose
predominant function was the intracellular import of metal ions has a general sequence
and a standard set of coordinating groups including the N-terminus, two backbone
amides, and an imidazole nitrogen present in histidine.*3l A crystal structure of a simple
ATCUN peptide (H-Ala-Ala-His-OH) is displayed in Figure 1.4A The involvement of the
amino terminus and the requirement for a histidine residue in the third position
significantly limits the scope of applications for this complex. Inspired by the
metalloprotease, thermolysin, incorporation of methylated imidazole histidine residues in
the i and i+4 positions of a pentapeptide proved efficacious in the promotion of a helical
motif (Figure 1.4B).*4 Furthering the scope using native amino acid functionality, Figure
1.4C depicts inert rhodium (1) being used to both promote and disrupt the formation of a-
helices.[*® By placing carboxylate-bearing sidechains in the i, i+3 or i, i+7 positions, the
coordination of rhodium acts as a type of peptide stapling to nucleate or disrupt a-helix
formation dependent on the spacing of the Asp/Glu residues. Figure 1.4D shows that
non-native backbones (N-substituted glycines, or peptoids) can be combined to create
unique secondary structures not previously observed with traditional peptides, such as a
helix with three residues per turn, which can be tailored to include metal biding side-
chains.*l Figure 1.4E depicts the introduction of a bipyridyl motif into the turn-region of
a hairpin peptide.[*”l Nucleation of peptide hairpin formation and cross-strand hydrogen
bonding was observed upon coordination of the bipyridyl motif to a copper (lI) metal
center.

More extensive modifications have been made to entire peptide backbones for the

purpose of increasing their coordination capabilities. In the case of Figure 1.4F, the amide



bond was reduced to an amine using borane and subsequently coordinated to Re(l) to
form reverse-turn motifs that display unique spatial arrangements of a diverse set of
sidechains.®Y In addition, backbone-coordinative oxime peptidomimetics have been
shown to exhibit a variety of secondary structures tunable by introduction of acid or
base.52 These secondary structures can be influenced by the counter-ion with which the
metal is introduced, or by the titration of external base and acid — shown in Figure 1.4G.

A final example, Figure 1.4H, is one that most closely relates to the pursuits of our
own research. This research endeavor was dubbed ‘Metal-lon Distinguished Array of
Structures’ (MIDAS) and details the selective coordination of rhenium by the systematic
incorporation of a cysteine residue within resin-bound peptides.% Here, the thiol provides
the site of chemoselective coordination. The most significant short-coming of this
technique is the requisite for a singular side-chain thiol. From the standpoint of molecular
recognition, a more desirable method for nucleation of folding would lie in selective
backbone coordination. Through backbone coordination, side-chains would be left
available for purposes of derivatization and molecular interactions with protein targets.
We envision a minimally perturbing backbone modification that imparts chemoselectivity
for coordination to be the most fruitful to present a diverse set of side-chains in spatial
arrangements not previously available. Chapter 3 will explore the use of aza-amino acids

as a novel backbone-metal chelation site.



1.3 Azapeptides
Azapeptides are defined as peptidomimetics having one or more a-C to a-N

substitutions within the backbone of a peptide (Figure 1.6).15]

Peptide /kr \)\ A, N\)\ \)\ A, Azapeptide

mlll
xlll
Al

Figure 1.4 Peptide (left) and azapeptide (right) with aza-amino acid highlighted (blue).

In addition to the loss of a defined chiral center, the single-atom substitution
impacts local conformation and electronics about the aza-amino acid. This minimalistic
substitution has been shown to increase resistance to chemical degradation and stability
toward proteolysis.>®l As an added advantage, aza-amino acids are well known to confer
a strong twist to the backbone and an increasing volume of literature indicates and
supports longer-range effects on conformation of peptides.[?®5455]
1.3.1 Localized Properties of Aza-Amino Acids

The introduction of the non-natural nitrogen acts to extend the traditional amide
conjugation, creating a urea-like motif, and imparting planarity (Figure 1.6A).5% Lone-
pair-lone-pair repulsions are introduced between the native peptide nitrogen and the
newly introduced a-nitrogen (Figure 1.6B).[5% This electronic repulsion alters the aza-
amino acid’s available conformational landscape as compared to their natural
counterpart.56571 Finally, distinct pKa perturbations have been predicted about the site of

substitution (C).
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Figure 1.5 lllustrated perturbations introduced by a-N incorporation into peptide
backbone.

In a computational study of N,N’-diformylhydrazine the barriers of rotation about
the N,N’ bond were quantified.®3! Shown below in Figure 1.8 is a free energy diagram

scanning about ‘@’ for the Z,Z configuration of N,N’-diformylhydrazine.
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Figure 1.6 Free energy diagram of N,N-formyl hydrazine rotation about N-N bond.®¢ Co-
crystal structure of N-N’-diformylhydrazine in the presence of 18-crown-6 ether.[>®!

Most notable is the high energy global maximum that is observed for a dihedral
angle of zero degrees (red). This dihedral angle coincides with eclipsed nitrogen lone-
pairs and interfering non-bonding interactions between the two carbonyl groups. The
global minima can be correlated to a twisted geometry where the lone pairs exist
approximately orthogonal to one another (dark blue). The local maxima corresponding to
@ = 180°C (light blue) represents the extended conformer of the system. In this

configuration there is still significant lone-pair repulsion, but these destabilizing effects

10



are offset by intramolecular hydrogen bonds between the C=0 and N-H. It was found
through these calculations that substitution of a single NH with a methyl group resulted in
a 5 kcal/mol increase in the relative energy of the extended conformation. This evidence
is further corroborated by the a more recent computational study of Ac-Gly-NHiPr and Ac-

azaGly-NHiPr models reported by Chenoweth et al. ®1shown in Figure 1.7.

-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
¢ CNCC (°) $ CNNC (%)

Figure 1.7 Ramachandran plots of model Glycine and azaGlycine systems.®’]

These Ramachandran computations show a very clear and more precise picture
of the differences between the conformational space available to native Gly and azaGly
backbones. Perhaps the most dramatic difference that is depicted by the comparison is
when scanning across W. Energy maxima associated with breaking conjugation of the
urea are quite obviously a dramatic influence on the overall flexibility of the azapeptide.
Holding W = ~180°, to discuss the same Z,Z configuration, a parallel to the energy
landscape depicted by Figure 1.6 is observed. These localized changes in traditional
amino acid characteristics have been shown to display distinct ramifications on the

secondary structure and folding of the peptide.
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1.3.2 Effects of Ca-to-Na Substitution on Secondary Structure

Azapeptides have been found throughout the literature to exhibit a propensity for
a twist or turn. Below in Figure 1.8 an array of crystal structures exhibiting this feature
are displayed.+ 55 59%a-c]

Boc-Ala-azaPip-NHiPr Boc-azaPip-Ala-NHiPr

Boc-Ala-azaPro-NHiPr

Figure 1.8 Azapeptide crystal structures exhibiting turn-like dihedral angles.[5* 55 5%l
However, many crystal structures of short azapeptide sequences also feature an
addition cyclic constraint about the aza-residue (i.e. azaPro, azaPip), with only one
example possessing an acyclic azaPhe at the i+2 position of a B-turn, Boc-Phe-azaPhe-
Ala-OtBu. Unpredictability of defined turn-like structures resulting from Ca-to-Na
substitution alludes to sequence dependence, in turn limiting widespread adoption of

azapeptide as a general means for predictively inducing secondary structures.
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1.3.3 Current Applications of Azapeptides

Local effects of the incorporation of a single aza-amino acid within a peptide can
have profound ramifications on the resultant secondary structure. Harkening back to the
structure activity modality of peptides, a change in the folding of a peptide can have
marked effects on its affinity and specificity. Like alanine scanning, systematic substitution
of amino acids for their aza-amino acid counterpart (azapeptide scanning) has been done
to help identify bioactive turn conformations and increase receptor selectivity. For
example, studies by Lubell et al. of aza-amino acid incorporation within GHRP-6, a
peptide found to bind both the GHS-R1a receptor and the CD36 receptor, have provided
a useful case-study for the dramatic effects of this substitution.[?6:6% A few azapeptide
derivatives have been shown through circular dichroism!® to adopt turn conformations
upon the incorporation of an aza-amino acid, as well as increase selectivity for the CD36

receptor (Figure 1.9).
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Figure 1.9 CD spectra showing changes in secondary structure of GHRP-6.60

Beyond B-turn mimicry, the impact of aza-amino acids on polyproline type-Il helix
secondary structure and self-assembly has been studied more recently. Aza-collagen
mimics have exhibited hyperstability due to more and stronger hydrogen bonding

introduced by the non-natural nitrogen.?®! (Figure 1.10).
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A: Ac-(Pro-Pro-Gly),-Pro-Pro-Gly-((Pro-Pro-Gly);-NH,  B: Ac-(Pro-Pro-Gly),-Pro-Pro-azaGly-((Pro-Pro-Gly),-NH,

Figure 1.10 Comparative view of collagen (A) and azaGly*? containing collagen (B).?°!

This increase in thermal stability has been attributed to the conformational
preference of the aza-glycine and the strengthened hydrogen bonding network from the
C- to N- substitution, which can be seen in the X-ray crystal structure of (Pro-Hyp-Gly)s-
Pro-Arg-azGly-(Pro-Hyp-Gly)s-NH> (Figure 1.10) The Tm values for this azapeptide
analog exhibited a marked increase from 42 °C in the control peptide to 51 °C for the aza-
derivative. These recent discoveries illustrate underexplored applications of azapeptides
and can have profound impacts for such an innocuous single atom substitution.

1.4 Summary of Thesis: Expanding Utility of Azapeptides

The purpose of this research is to develop a more thorough understanding of the
general applicability of azapeptides in stabilizing or destabilizing known secondary
structures, as well as to create new tools to do so. To this end, two distinct areas of
investigation will be reported within this thesis.

First: the effect of C-to-N substitution within the strand region of a B-hairpin will be
studied. Very little is known of azapeptides properties concerning their ability to adopt
extended conformations.® The low relative energy maxima as depicted in Figures 1.6
and 1.7 indicates some population of the aza-amino acid exists in the extended
conformation. We posit that the destabilizing effects of nitrogen lone-pair repulsion could

be overcome using other non-covalent interactions such as hydrogen bonding and cross-
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strand side chain-side chain interactions located on a templating strand. Here we
envisioned the divergent hydrogen-bonding capabilities of the aza-amino acid (Figure
1.5C) acting to both bolster pre-existing cross-strand hydrogen bonds exhibited within (3-
hairpin structures while simultaneously diminishing the B-hairpin’s inherent propensity
towards self-association, which could be used to design new inhibitors of protein-protein
interactions (Chapter 2).

Second: we sought to begin investigations into the metal-binding propensities of
the aza-amino acid. To date there exists no singular method for reliably inducing turn-like
geometries in a sequence-independent manner. That is to say: when one desires the
introduction of a turn-motif within a target peptide or peptidomimetic, the primary
sequence must itself be altered to install the structure inducing residue(s). Loss of side-
chain functionality at the site of the turn should be noted as a significant drawback,
especially in light of the involvement of turn-motifs in protein-protein interactions.[®? The
aim of this project is to develop methods for synthesis of combinatorial libraries of
azapeptides and to create a set of rules for the folding of azapeptides about a variety of
metals. In this way, libraries of azapeptides could be paired with various metals to create
libraries of turns. ‘Metallo-azapeptide Libraries of Libraries’ would provide unprecedented
access to turn-like geometries independent of sequence or side-chain. The focus of
Chapter 3 will be on the development of models and workflows for studying the metalation

behavior of aza-amino acid containing peptides.
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CHAPTER 2: B-HAIRPIN MIMICS

In this chapter, the effect of C-to-N substitution within the strand region of a 8-
hairpin model peptide will be described. Results were published in McMechan M.; Willis
E. L.; Gourville P., Proulx. C. Molecules 2019, 24, 1919.¢3l
2.0 Background on Model B-Hairpin System

Previous work conducted within the Proulx Lab by Michael McMechan provided
information regarding advantages and disadvantages of a variety of well-developed
minimalistic -hairpin model peptides. Michael’s work was predominated with efforts in
synthesis and preliminary NMR characterization. His investigations began with a 3-hairpin
system (H2N-RFVEVNGOKILQ-NH2) that was reported in the literature to be
approximately 51% folded.[¥ This system was chosen as it would readily display both
constructive and disruptive effects of the modifications. Substitution with an aza-amino
acid in the third position was found to be completely disruptive to the folding. In order to
guantify just how disruptive this substitution would be, a more well-folding starting point
was deemed necessary. A migration from Phe? to Trp? (H2N-RWVEVNGOKILQ-NH>)
changed the percent folding of the parent peptide from 51% to 77%.[6% Similar results
were found upon Ca-to-Na substitution. Investigation of ‘Trp-zip’ systems (H:2N-
RWVEVNGOKIWQ-NH>), reported to be more than 99% folded in solution, were greatly
convoluted by synthetic difficulties. Ultimately, a model system which implemented a D-
Pro-Gly turn motif and showed promise through preliminary analysis by diastereotopic
glycine splitting was adopted (H2N-RYVEVpGOKILQ-NH,, l1la). Work conducted by
myself and Preston C. Gourville used this information as our starting point for further

optimization of synthesis and quantification by NMR.
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Design and analysis of B-hairpin systems has long been convoluted by their innate
propensity toward self-aggregation and precipitation in aqueous media.l%* Gellman et al.
devised a well-folded model system (H2N-RYVEVpGOKILQ-NH2, 1a) around a type II’ B-
turn inducing motif: b-Proline-Glycine.®®! This well folded system maintained a charge-
state of +3 to reduce self-association and included favorable cross-strand sidechain
interactions to stabilize the secondary structure. The use of circular dichroism and NMR
guantification methods allowed for this simplistic water-soluble hairpin system to be
implemented in a variety of studies concerning B-hairpins and their ability to tolerate

backbone and side-chain modifications.[66-68
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Figure 2.0 Minimalistic, water-soluble, B-hairpin, H-RYVEVpGOKILQ-NH: (Parent).
Protons used for quantification of folding by NMR spectroscopy highlighted.
2.1 Design of B-Hairpin Study

Not only does this sequence contains a D-Proline-Glycine motif, it also displays
minimal side-chain redundancy. These two characteristics provide rapid and reliable

means for characterizing percent folding of the B-hairpin through both diastereotopic

17



glycine splitting and a-proton shifting of hydrogen-bonded pairs. The most facile method
being the identification of diastereotopic Gly’ splitting. This phenomenon can act as a
proxy for determination of the percent folding of the system. As the peptides B-hairpin
conformation is populated the Gly’ protons are exposed to increasingly distinct chemical
environments; increasing the magnitude of diastereotopic splitting observed. Shown
below in Figure 2.1 are the derivatives and controls necessitated for investigation into the

capabilities of the aza-amino acid to adopt its extended conformation.
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Figure 2.1 B-hairpin mimetic derivatives at the 3-position (1a-1d) alongside the cyclized
control (1e) and the unfolded L-Pro® control (1f).

The third position was chosen for the site of substitution as it is implicated in the
cross-strand hydrogen-bonding network and lies an appreciable distance from both the
terminus and the turn-region. Three unique analogs were designed to begin investigations
into the aza-amino acid’s capabilities concerning occupation of the extended
conformation. The first analog — azaVal® (1b) — was designed for purposes of exclusively
studying the effects of a-CH to a-N substitution within the backbone of the B-hairpin’s
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strand region. An additional control, b-Val® (1c) was introduced to the analog scope to
provide information on the loss of chirality. Finally, azaGly® was synthesized: lacking the
substitution on the nitrogen leaves this NH available for hydrogen-bonding to the
preceding amide carbonyl, lowering the calculated energy barrier for occupation of the
extended conformation by approximately 5 kcal/mol.[!

2.2.2 Control Peptides

Quantification of folding requires controls for indication of the outermost bounds to which
relative folding of each analog is referenced. To this end, the fully-folded (p-Pro**-Gly4,
cyclic, 1e) and fully-unfolded (L-Pro®, 1f) controls were devised by Gellman. Each of these
controls were synthesized and re-characterized for purposes of consistency in the NMR
study. 1f was readily obtained through standard Fmoc-based peptide synthesis. The
cyclized control (1e) required an independent synthesis on unique solid support. Standard
Fmoc-based SPPS strategies were executed on polystyrene resin doped with a glycine-
substituted trityl linker. Using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) the peptide’s C-
terminal carboxylic acid could be liberated from the trityl linker while retaining acid-labile
protecting groups. Following orthogonal cleavage of the peptide from resin, a cyclization
protocol reported by Nowick et al. was conducted in solution.®® Following an overnight
cyclization, the solvent was removed, and the material was exposed to trifluoroacetic acid
(TFA) for removal of acid-labile protecting groups. Subsequent purification by reverse
phase high performance liquid chromatography yielded the desired cyclic control in

appreciable quantities.
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2.2 Modular Installation of Aza-amino Acids within Peptides
Synthesis of carbazate building blocks is a long standing and widely implemented
method for introduction of aza-amino acids into peptide sequences.®¥l Each monomeric
unit is derived by subjecting Fmoc-hydrazine to reductive amination chemistry with a
range of aldehydes or ketones; furnishing the required N-Fmoc-N’-alkylcarbazate, which
is then activated with a carbonyl donor and added to a resin-bound peptide. A

representative sample of the scope of this methodology is shown in Scheme 2.0.

H Reductive Amination H
N > Fmoc’N‘N)v’
Fmoc NH, cl) o H
or
Lo

ﬁs I f\ Aft?)u f\/NHB“ wf\/\NHBoc .f© Jf[g

Scheme 2.0 Synthetic overview of N’-alkyl fluoren-9-ylmethyl carbazates.

This strategy, while limited in terms of creating large libraries of compounds,
provided us with an excellent means for obtaining appreciable quantities of pure B-hairpin
material. Fortuitously, methods for the furnishing of Fmoc-carbazate with an N’-isopropy!
group necessary for aza-valine incorporation had already been reported and were
conducted without significant alteration to protocols. !

2.2.1 Synthesis and Incorporation of azaGly?3

Fmoc-carbazate was synthesized through the condensation of 9-fluorenylmethyl

chloroformate and hydrazine monohydrate, this material was used directly for the

incorporation of azaGly® within the hairpin peptide as described in Scheme 2.1.
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1.) DSC (1.0 equiv.) (o]

H DMF, rt, 30 min____ . /',]'\ J
Fmoc” “NH,  2.) DIEA (6.0 equiv.) moc™ N* LG
kDCM,rt,12h H H
HN—EVPGOKILQ—Q) 3 e > HZN,N\n,N EVpGOKILQ-NH,
DMF, rt, 5 & 15 min o}
4.) 95:2.5:2.5 TFA:H,0:TIPS
rt, 2h

Scheme 2.1 Coupling to the unsubstituted semicarbazide moiety.
Following the incorporation of the Fmoc-protected azaGly® a standard Fmoc-

deprotection was conducted and the free-semicarbazide was coupled to Fmoc-Tyrosine
using triphosgene (BTC) as an acyl-chloride equivalent, given the low nucleophilicity of
aza-amino acids (Scheme 2.2). Successful addition of the tyrosine to the semicarbazide
was followed by completion of the B-hairpin peptide through standard peptide coupling
protocol to obtain azapeptide 1d.

1.) Fmoc-Tyr(O'Bu)-OH 2.) 20% piperidine

H H BTC (1.0 equiv. DMF, rt, 5 & 15 min
_N__N—EVpGOKILQ—RAM-) (10equiv) > H,N-YazaGEVpGOKILQ-NH,
HN" (" Base, Solvent 3.) 95:2.5:2.5 TFA:H,0:TIPS
o 0°Ctort, 12 h rt, 2h

Scheme 2.2 Coupling to the unsubstituted semicarbazide moiety.
2.2.2 Synthesis and Incorporation of azaVval®

Synthesis of the azaVal® building block required a reductive amination protocol
which was referenced from the literature to install an N’-isopropyl group onto the
carbazate.>® Following isolation of the substituted carbazate, installation using a single
equivalent of BTC and diisopropylethylamine (DIEA) as base provided near-quantitative

conversion after a single overnight reaction (Scheme 2.3).
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1.) BTC (1.0 equiv.) b °
H reflux, 2 h = i J\ DCM, 0 °C to rt, 30 min N L
Fmoc” NH; 2.) NaBH,CN (1.1 equiv.) F™mo¢” N 2.) DIEA (6.0 equiv.) Fmoc™ "N™ “Cl
AcOH (1.1 equiv.)
THF, 2 h
\ DCM, rt, 12h Y H
H:N—EVpGOKILQ—) > N—EVpGOKILQ-NH,

3.) 20% piperidine ” HZN’N\H/
DMF, rt, 5 & 15 min (o]
4.) 95:2.5:2.5 TFA:H,0: TIPS
rt, 2h

Scheme 2.3 Synthesis of N’-Isopropyl-fluoren-9-ylmethyl carbazate and installation into
the 3-position of B-hairpin model peptide using BTC.

The most significant synthetic hurdle for the study was encountered following introduction
of the N’-isopropyl substituted building block and a standard deprotection. A screen of
conditions was necessitated for coupling onto the azaVal® motif (Scheme 2.4). In the case
of azaGly® standard BTC coupling conditions afforded an acceptable conversion.
However, steric hindrance introduced by B-branched amino acids combined with reduced
nucleophilicity of the semicarbazide moiety and the powerful turn introduced by the D-

Pro-Gly moiety proved a significant hindrance. Optimizations can be seen in Table 2.0.

Y 1.) Fmoc-Tyr(O'Bu)-OH  2.) 20% piperidine
H Coupling Reagent DMF, rt, 5 & 15 min
4 n-N<N—EVPGOKILQ—RAM~Q) png meage® » > H,N-YazaVEVpGOKILQ-NH,
N Base, Solvent 3.) 95:2.5:2.5 TFA:H,O:TIPS
o 0°Ctort,12h rt, 2h

Scheme 2.4 Coupling to the N’-substituted semicarbazide moiety.

Table 2.0 Optimization of coupling to sterically hindered semicarbazide.

Reagent eq. Base eg. | Solvent | Product (%) Uncoupled (%) Isocyanate(%)
BTC 1 2,4,6-collidine 10 THF 33 21 28
PyBOP 3 DIEA 6 DMF 6 35 41
TCFH 3 NMI 9 DCM 892 0 10
COMU 5 DIEA 10 DMF 17 17 53
Ghosez 4.2 NaHCO3 30 DCM 67 0 22
DSC 3 DIEA 6 DMF 0 67 13

a.) Possible epimerization detected in LC-MS chromatogram.
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Ghosez reagent proved to provide the adequate conversion to our desired product
without obvious signs of epimerization (Table 2.0, entry 5). While the yield was highest
when using TCFH/NMM as the coupling reagents (Table 2.0, entry 3), two separate LC
peaks containing our desired product’s mass were detected. No further experimentation
was conducted to confirm that epimerization had occurred because we had an alternative
route using Ghosez’s reagent that provided material in moderate yield.

2.3 Quantification of Folding by Nuclear Magnetic Resonance

With the series of B-hairpin (aza)peptides in hand, a preliminary assessment of the
percent folding of each analog could be conducted using Gly’ diastereotopic proton
splitting. Glycine’s a-protons fall within a distinct region of the NMR spectrum allowing for
their facile identification. After the glycine protons had been identified, an estimation of
their relative folding could be made using Eq. 1, where A8Gly 100 is the observed glycine
splitting in the positive cyclic control.

Equation 1. Fraction folded = (A8Gly Obs)/(A8Gly 100)

The rapid means for quantification provided by this method is what led Michael to
choose this model system for further study. However, it has also been noted in the
literature that, in the case of the D-ProS-Gly’ turn motif, the glycine splitting can
overestimate the percent folding of the B-hairpins. As such, after resynthesizing and
corroborating his initial results, we moved onto a more detailed and precise method of
quantification. This method requires NMR characterization of the entire B-hairpin system

using two-dimensional techniques. Once characterization is complete, a quantification of
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the aCH shifts for amino acids located in hydrogen-bonded regions provide a better
insight into the percent folding of the system through use of Eq. 2, where 100 are the
oCH chemical shifts for the positive (cyclic) control and 80 are the aCH chemical shift for
the negative control.

Equation 2. Fraction folded = (60Obs — 80)/(6100 — 80)
2.3.1 NMR Assignment of B-Hairpin Peptides

Conditions for characterization of these models are well documented in the
literature, these conditions were implemented through the assistance of Dr. Peter
Thompson of the METRIC Facilities. The standard method by which peptide and protein
NMR is conducted is a 9:1 mixture of H.O:D20. In this way, each exchangeable proton
will integrate to 0.9 allowing for facile identification of backbone amides which are more
sensitive to chemical environment. This is a necessity in cases when redundant amino-
acid sidechains could convolute the assignment. Due to the clever design of the B-hairpin
mimics and the lack of sidechain redundancy, data collection could be conducted in pure
D20, eliminating exchangeable protons from the spectrum and providing more coherent
and better resolved NMR signals.

In-depth assignment began with use of 1-D *H-NMR spectrum to identify or at least
narrow any easily recognized protons e.g., aromatic protons affiliated with Tyrosine, &
and ¢ protons of lysine or ornithine, respectively. After these few details had been noted,
thorough analyses of the 2-D *H-NMR spectra were conducted. Experiments collected
included Correlation Spectroscopy (COSY), Total Correlation Spectroscopy (TOCSY),
and Nuclear Overhauser Effect Spectroscopy (NOESY). The first step in analyzing the

analogs was in identification of a,8 proton pairs. The a-protons of peptides and proteins
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typically reside in the ranges of 3.7 to 5.0 ppm. COSY spectra were used to identify the
immediate and singular correlation of probable a-protons to their B-proton counterparts.
After these pairings had been identified, a move to TOCSY was made. Here the a,
pairings could be grouped with other associated protons, however, TOCSY only shows
that the correlation exists and provides no insight into the connectivity of the protons.
Thus, after groupings of isolated amino-acid residues had been identified, a return to
COSY was required. Here, the connectivity issue of the distinguished groupings could be
resolved to identify a-, B-, y-, 6-, and e-protons. Lack of side-chain redundancy then
allowed for use of pattern recognition. To provide a couple examples: Lysine and ornithine
have a difference in number of methylene units to reach the primary amine, thus the two
could be readily distinguished by the number of correlations and the unique shift of a
methylene directly connected to an amine. Isoleucine and leucine display the same
number of aliphatic residues, but they could be distinguished by the similarity of their y or
0 shifts, respectively. Similar patterns can be identified for each of the constituents of the
B-hairpin analogs, except for the redundant Valine sidechain. NOESY experiments were
used to identify the presence of through-space interactions between Val® and Pro®,
helping to distinguish Val® from Val®.
2.3.2 Analysis of Quantification

Two independently validated methods were used to quantify the percent folding of
each B-hairpin. Initially, we hypothesized that stronger hydrogen bonding of the N-acyl
semicarbazide moiety could be used to reinforce B-hairpin secondary structure. The a-C

to a-N substitution destabilized and more investigation was warranted to quantify just how
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destabilizing this introduction would be. A summary of the information obtained using the

magnitude of the Gly3 diastereotopic splitting and Eg. 1 can be found in Figure 2.2.
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Figure 2.2 Chart (left) depicting magnitude of diastereotopic Gly’ splitting. Percentage
folding calculated using Eq. 1 shown above each analog. H-NMR insets (right) of region
containing diastereotopic protons (glycine splitting indicated in corresponding colors).63l

Diastereotopic glycine splitting shows that the azaVal® is the most significantly
destabilizing substitution excepting the negative control. While this result does not
reinforce our initial hypothesis or further our goal of creating more stable B-hairpin
analogs, it is never-the-less worth unpacking. Starting with the p-Val® substitution, a
destabilization of 21% folding relative to the parent peptide is observed. This result shows
that chirality of the stereocenter at the 3-position has a marked effect on the system at
large. When we eliminate the stereocenter and introduce an additional lone-pair into the
backbone (azaVal®) we observe a 58% decrease in the percent folding relative to the

parent peptide. This dramatic unfolding is likely due to the N-N bond adopting its twisted
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conformation (® = 90°), proving that cross-strand hydrogen bonds alone are not strong
enough to promote the extended conformation (¢ = 180°). In the case where azaVal®
adopts the twisted conformer, it is not surprising that the steric bulk of a -branched amino
acid could destabilize the system. Further, when we remove the side chain (azaGly®) we
observe a return of 33% folding relative to the azaVal®, but an overall destabilizing effect
relative to the parent peptide. This result indicates the extended conformer can likely be
adopted when the additional hydrogen bond between the N’-H and the preceding carbonyl
is present and contributing a calculated enthalpy of approximately -5 kcal/mol, but other
factors such as loss of cross-strand side chain interaction could be detrimental overall.
To further corroborate these results, folding was assessed using the a-shifts for each
analog in concert with Eq. 2. Residue specific shifting of a-protons for each of the

substitutions is shown in Figure 2.3.
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Figure 2.3 Magnitude of a-proton shifting for -hairpin analogs.
The more rigorous method for quantification of folding by direct measurement of

the spectral shifting exhibited by a-protons in the backbone has been shown to be more
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reliable.l®® As established by Gellman, specific residues provide the means for
guantification based upon their involvement in cross-strand hydrogen bonding. Namely:
Val®, Orn8, and Ile'®. Due to the site of our substitution, we were forced to exclude Val®
from our averages of percent folding. Comparison of the percent folding calculated using
both methods can be found in Table 2.1.

Table 2.1 Summary of the effects of aza-substitution on folding of model 3- hairpin.
Folding of B-hairpin (%)

Analog Gly’ Ha-Ha’ Orn® lletf Avg of Orn®and llet°
Parent 75 72 64 68

azaval® 17 36 0 18

D-Val® 54 56 15 35.5
azaGly3 50 50 49 49.5

It is worth noting that the azaVal® and p-Val® substitution as measured by the Orn®
and lle'® a-shifts are markedly different. For the case of azaVal®, 0% folding quantified by
the corresponding hydrogen-bonding partner (llel°) could be construed as further
evidence that a powerful twist has been introduced into the backbone of the hairpin at the
site of substitution, hindering association as dramatically as the L-Pro® but not exhibiting
these same effects on the folding of the subsequent residues (Orn?)

In conclusion, the synthesis of difficult azapeptides was accomplished through
optimization of modular synthetic methods. This provided the first information regarding
the relative stability of a B-hairpin containing an aza-amino in the strand region of the
peptide. It was found through NMR quantification that C-to-N substitution within the strand
region has a net destabilizing effect on the ability for the system to adopt its B-hairpin

conformation. With that said, the azaGly® substitution is dramatically more well-folded
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than the azaVal® substitution. This indicates that the intra-residue hydrogen bond that
remains when the aza-amino acid is left unsubstituted has a marked effect on the ability
of the aza-amino acid to occupy the extended conformation. This evidence shows that
cross-strand hydrogen bonds alone are not a large enough thermodynamic sink to
overcome the energy barrier introduced by lone-pair-lone-pair repulsion about the N-N’
bond. Although this modification was found to have a net-destabilizing effect the potential
for dissuading aggregation remains and viable N’-substitutions alongside possible

positional dependence warrants further investigation.
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CHAPTER 3: METALLOAZAPEPTIDES
In this chapter, we sought to begin investigations into the metal-binding
propensities of aza-amino acids as a new tool for g-turn mimicry.
3.0 Model Azapeptides
Well-designed models were deemed paramount for our foray into the development
of predictably folded azapeptide scaffolds about various metal centers. To this end, two
separate systems were devised. Our first model system was inspired by the only known
crystal structure of an aza-amino acid inducing a Type-Il B-turn geometry without the need
for further cyclic constraints (Boc-Phe-azaPhe-Ala-Ome).5%I This model was particularly
appealing as it would provide a control to compare changes in backbone dihedral angles
upon complexation with various metal-ions. Additionally, the trimer does not display any

potential side-chain coordination sites; simplifying investigations of backbone chelation.

NENE R B S BN
CYTYY T

bt Boc-Phe-azaPhe-Ala-OMe Ac-Phe-azaPhe-Ala-N'Pr

Figure 3.0 Altered model small molecule derived from report by Vanderresse et al.[5%!
Minor modifications were made to the structure: substitution of the N-terminal tert-
butyloxycarbonyl (Boc) with an acetyl group was used to exchange a carbamate moiety
for a traditional amide. Additionally, the C-terminal methyl ester was substituted with an
isopropyl amide to introduce a fourth backbone amide and increase resistance to
racemization upon exposure to strong base during synthesis.28 Alongside providing a
simple starting point with previously quantified dihedral angles, large-scale organic

synthesis of a single small molecule is necessary to obtain X-ray crystallographic

30



information regarding coordination geometries and side-chain orientations. A biologically
relevant case-study was also deemed necessary for initial investigations into the
coordination potential of longer azapeptide sequences, providing opportunities for “aza-
amino acid scanning”. The endogenous peptide neurotransmitter, Leu-Enkephalin

(Figure 3.1), proved an ideal candidate.

H-YGGFL-OH Ac-YGGFL-NH, Ac-YGGFL-RAM-O
HzN\)LN/\n«N\)L /(;Q\)Lou N\)LN/\H«N\)L ’(;Q\)LNH N\)LN’\H'N\)L \)L Q
OH OH OH @ = solid support
Figure 3.1 Leu-Enkephalin (right) alongside the N-terminally capped C-terminal amide
derivative used for backbone chelation studies off and on resin (center, right).

Leu-Enkephalin displays no side-chain functionality which could convolute
backbone chelation. Additionally, the enkephalins are thought to adopt B-turn geometries
in their bioactive conformation; providing a concise model for study and eventual
application of turn geometries through site-selective backbone-coordination.
3.1 Submonomer Azapeptide Synthesis

A more recent development to the field of azapeptides has been the introduction
of a submonomer based approach for their incorporation into peptides on resin.[38
Construction of azapeptides in a submonomer fashion (Scheme 3.0) is powerful in that it
allows for rapid derivatization at the alkylation stage, where modular installation requires
an independent synthesis of each desired building block. A schematic representation of

the submonomer protocol is shown in Scheme 3.0.
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Scheme 3.0 Primary steps in submonomer azapeptide synthesis.

This protocol consists of four key steps: activation and coupling, alkylation,
orthogonal deprotection, and a coupling to the semicarbazide. After the aza-amino acid
has been incorporated and elongated with a traditional amino acid, standard Fmoc-based
peptide coupling methods can be resumed to complete the desired sequence.

3.1.2 Synthesis of Model Small Molecule

Submonomer strategies were employed in solution for synthesis of model: Ac-
FazaFA-N'Pr. The original synthetic route includes an activation and coupling of
benzophenone hydrazone onto an alanine tert-butyl ester. Activation and coupling were
followed immediately by tert-butyl ester deprotection and amide formation (Scheme 3.1).

(o]
DIEA (2.0 equiv.)
. Ph_ _N JL
Ph N DSC (1.1 equiv. ’V S .ot i
NH ( quiv.) \r/ (I) Ala-O'Bu HCI (1.0 equw.):

\r/ ~ N
2 » H
DCM, 0°C -rt,1h { Ph 5 N DCM, 0°C -rt, 16 h

(0]
Activation v Coupling

1.) 50% TFA (v/v)
DCM, rt,2 h

2.) IBC (1.3 equiv.)

o (o]
i H
Ph /N\NJLN 0'Bu NMM (1.3 equiv.) . Ph /N\NJI\N N
Y H H THF, -15°C, 15 min \r H H \l/
Ph Ph (o]
B

o 3.) H,NPr (1.5 equiv.)
A -15°C, 1 h

Scheme 3.1 Original synthetic procedure to obtain intermediate B by way of H-Ala-O'Bul.
Use of alanine tert-butyl ester proved to be scale-prohibitive due to cost. An

alternative procedure beginning with (tert-butoxycarbonyl)-L-alanine and first installing
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the isopropyl cap prior to activation and coupling allowed for larger scale synthesis to be
conducted at a fraction of the original cost. Here, the carboxylic acid is activated using
isobutyl chloroformate (IBC) and 4-methyl morpoline (NMM). Addition of isopropylamine
to the activated anhydride furnished Boc-alanine with a C-terminal isopropyl amide.
Benzophenone hydrazone was then activated using disuccinimidyl carbonate and the
Ala-NH'Pr was added to obtain B (Scheme 3.2).

1.) IBC (1.3 equiv.)

[o) NMM (1.3 equiv.) 50% TFA (v/v) °
THF, -20°C, 15 mi ®
S\OJ\NJﬁ(OH min__ DCM,rt2h i HsNJﬁ( j/
H o 2.) H,N'Pr (1.5 equiv.) o
-20°C,1h

(o]
Ph N )L H
Ph N_ DSC (1.1 equiv.) DIEA (2.1 equiv. ~
NP N o B S NN Y
Ph

bh DCM,0°C-rt,17h  DCM, 0°C - rt, 16 h

ZT

Activation Coupling B

Scheme 3.2 Alternative synthesis of intermediate B.

Following synthesis of the benzophenone-protected azaGly-Ala-NH'Pr precursor
(B), a chemoselective deprotonation of the semicarbazone was achieved using
potassium tert-butoxide in tetrahydrofuran. Upon exposure to benzyl bromide, the
semicarbazone nitrogen was readily alkylated to obtain C. Orthogonal deprotection was
conducted using a heated hydroxylamine hydrochloride solution in pyridine to obtain the
free-semicarbazide D (Scheme 3.3).

1.)KO'Bu (1.1 equiv.)

7 H 7 H

o i Ph __N_ N HONH,"HCI (4.0 equiv. HoN N
THF, 0°C, 30 min . \r/ NJLN/'\W 2 (4.0 equiv.) > M2 NJ\NJﬁ(
L U Pyridine, 60°C, 24 h LB 8

2.)BnBr (1.3 equiv.)
0°C -rt, 24 h
Alkylation C Deprotection D

Scheme 3.3 Alkylation and deprotection steps of the submonomer azapeptide protocol.
Boc-protected phenylalanine was activated using COMU and DIEA, subsequent

introduction of the semicarbazide (D) yielded the Boc-protected small molecule model
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(E). After a Boc-deprotection and implementation of a standard acetylation protocol the
small molecule model Ac-Phe-azaPhe-Ala-N'Pr (F) was obtained.
1.) COMU (1.0 equiv.)
DIEA (1.0 equiv.) " 0 H 1.) 50% TFA (viv) o # o] H
2.) semicarbazide (1.2 eq.) DCM,rt,2 h
BocHN OH DM:OOZ‘\,‘: > Boch N\NJLHJ\VTNY 2.) TEA (3.0 equiv.) > )LH N\NJLH/L[(NY
0 o L@ 0 AcCl (1.3 equiv.) 0 H@ )

DCM, 0°C - rt, 30 min
E F

Coupling to Semicarbazide

Scheme 3.4 Coupling to semicarbazide, Boc-deprotection, and N-terminal acetylation.
Unfortunately, the semicarbazide derived through this series of reactions needed

to be used in a super-stoichiometric fashion. Thus, significant optimization to increase the

conversion to desired azapeptide E was undertaken. Optimizations found in Table 3.0.

Table 3.0 Optimization of coupling to semicarbazide.

SM eq. Reagent eq. | Base eq Solvent  Time (hr) Yield (%)
3 PyBOP? 3 | DIEA 2 DMF 24 19
3 PyBOP?2 3 | DIEA 3 DMF 24 35
0.8 TCFH 0.9 [ NMI 1.7 MeCN 2 44
0.8 TCFH 0.9 [ NMI 2.5 MeCN 2 44
0.8 TCFH® 0.9 [ NMI 2.5 MeCN 2 45
1.1 Thionyl Chloride® - | DIEA - DMF 22 15
1 COMU 2 | DIEA 2 DMF 4 57
1 COMU 2 | DIEA 2 DMF 4 61

a.) Difficult purification. b.) Semicarbazide was exposed to free-basing procedure. c.) Racemization was detected.

The reduced nucleophilicity of the semicarbazide moiety as compared to a
traditional primary amine is well known in the literature to provide a significant barrier to
conversion. An isolated yield of 61% using COMU as coupling reagent was deemed
adequate to continue. With the small molecule in hand, we began to introduce metal ions
under a variety of conditions.

3.2 Initial Investigations into Metal-Binding Characteristics
We hypothesize that nucleation will be initiated and directed by the most Lewis

basic carbonyl in the system (urea). Proximity of the metal to the backbone of the
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azapeptide will then further perturb the pKa of the aza-amino acid, allowing for facile
deprotonation and coordination to the metal through the N-acyl semicarbazide motif.
Following nucleation, we predict that proximity will further perturb adjacent amides such
that a directional cascade away from the urea (higher pKa) will result in specific peptide

coordinate complexes. This concept is depicted in Figure 3.2.

A
N Al w““wr o, el
=

. ] Proximity driven deprotonation and coordination. .
Anchoring site. » Metal-induced turn.

Figure 3.2 Hypothetical mode of metal-coordination.

To test the coordination capabilities of the model small molecule (Ac-FazaFA-
NHPr, F), preliminary investigations were conducted and monitored by UV-Vis
spectrometry. The model azapeptide was exposed to a single equivalent of copper (I1)

acetate and increasing equivalents of organic bases, described in Scheme 3.5.

Cu(OAc), (1.0 eq)

"Base" (0 - 4.0 eq) mono- to
\[rN\)L N\)L J\ EE— tetradentate metallo-
o MeOH, rt azapeptide

Scheme 3.5 Addition of Cu(OAc)2 and organic base to model azapeptide.

Exposure of the small molecule to a single equivalent of copper (ll) acetate in the
presence of increasing equivalents of organic bases had a marked effect on the
absorbance in both the ultra-violet and visible regions. A comparison of the two initial

experiments is shown in Figure 3.3.
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Figure 3.3 UV-Vis spectra detailing the formation of azapeptide copper complexes in the
presence of increasing equivalents of potassium tert-butoxide (left) in triethylamine (right).

Upon addition of the first equivalent of potassium tert-butoxide, a slight shift toward
lower wavelength along with broadening of the visible peak is observed. This shift may
be tied to an initial nucleation event between the azapeptide and copper. Subsequent
additions of KO'Bu move the visible maxima to approximately 540nm with an increase in
intensity. A dramatic increase in UV-intensity in the lower 200 nm range was also
observed after the first addition. These results are consistent with reports of coordination
of Cu(ll) to two or more amide bonds and reminiscent of the Biuret test, a long-standing
biochemical assay for detecting the presence of proteins in solution. During this test an
equal volume of 1% sodium hydroxide solution is introduced followed by the addition of
copper (I1) sulfate.l’™ If a deep purple color with an absorbance maximum between 520nm
and 650nm is observed, the test is considered positive.l’” While we observed a similar
purple color change upon exposure of our azapeptide to Cu(ll) and potassium tert-
butoxide, the lower pKa value of the semicarbazide means that weaker base could be

used to impart selectivity in the initial chelation event. However, in the presence of
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increasing equivalents of triethylamine, the visible maximum shift stops at a similar range
to the single equivalent of KO'Bu.

To summarize, four equivalents of a strong base do not result in the same species
as four equivalents of a weak base and both result in a species that is dissimilar to the
azapeptide in the presence of copper (ll) acetate in the absence of base. We believe this
to be evidence of the more acidic N-acyl semicarbazide, which is acidic enough to be
deprotonated by triethylamine. However, proximity of copper (ll) does not appear to
reduce the adjacent amide’s pKa dramatically enough for subsequent deprotonation
events and tetra-chelation to occur. Alongside qualitative controls exhibiting precipitation
of copper (ll) acetate from methanol in presence of TEA and KO'Bu, these UV-Vis
chromatograms suggest the coordination of our model compound to copper (I1), albeit it
is not clear how many deprotonated amides are involved.

In efforts to provide more substantial evidence of these capabilities, significant
attempts were made at purification of the metallo-azapeptide material in view of obtaining
crystal structures. Initially, a screen of traditional TLC techniques with silica gel plates and
a variety of mobile phases ranging from 50% ethyl acetate in hexanes to 10% methanol
in methylene chloride were attempted. The only spots to be detected were that of the
small molecule starting material and what was believed to be the copper-salt stuck to the
baseline. It was observed that upon spotting of the crude reaction material on to the silica
that the spot turned from deep purple back to a soft blue indicative of copper (ll) acetate.
This implied that the acidity of the stationary phase could be re-protonating the backbone
amides and de-complexing the metal from the ligand. With this hypothesis in hand, we

began to test a new set of conditions using basic alumina as the stationary phase. It was
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observed that the life-time of the complex was increased when using basic alumina,
however, not enough to allow for isolation of the purified complex by column
chromatography. Loading of the crude sample onto a basic alumina plug presumably led
to decomplexation and left a blue band at the baseline with the only material collected
being starting material sans cuprate.

After failed attempts at purification via chromatography, we began recrystallization
of the crude mixture through vapor diffusion. Distinct color changes from the original
purple solution were observed. This was especially true in cases where chlorinated
solvents (e.g., methylene chloride, chloroform) were being used, indicating alteration or
degradation of the initial complex. It became clear that a more rapid means of screening
metal-binding conditions would be beneficial. To this end, we moved to Ac-Leu-
Enkephalin-NH2 and Ac-[aza(allyl)Gly®]-Leu-Enkephalin-NH2 on solid support. At the
time, submonomer methods were used to synthesize the azapeptide on solid support,
which turned out to be incompatible with azaGly incorporation. An aza-allylglycine-
containing analog was thus synthesized to install an aliphatic side chain instead, which
was readily available from semicarbazone alkylation with allyl bromide and resistant to
the hydroxyl amine hydrochloride deprotection treatment. 6-Amino hexanoic acid,
depicted in Figure 3.4, was used to distance the peptide from the polymer for on-bead
screening.

Ac-YGGFL(Hex),-NH-RAM Ac-YGaza(allyl)GFL(Hex),-NH-RAM

H O H O H O H H O Hw O H O H Hex=;‘\mo
\n,N\:)LN/\n,N\)LN N\:)J\(Hex)z/No \n,N\:)LN/\n,N.NJLN N\-_)J\(Hex)z’No
o M o H o 3 0 : H g HH &z
| Y O = solid support

OH OH

Figure 3.4 Structures of Ac-Leu-Enkephalin and Ac-[aza(allyl)G]-Leu-Enkephalin.
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A base screen in the presence of copper acetate was conducted to probe the
relative acidity of the N-acyl semicarbazide moiety and the resin color was qualitatively
monitored. Both the resin-bound natural peptide and the azapeptide derivatives turned
purple upon exposure to excess copper and potassium tert-butoxide. The green color
created upon complexation of Ac-[aza(allyl)Gly3]-Leu-Enkephalin-NH; using a weaker
base such as TEA or piperidine was found to be distinct as compared to deep blue of Ac-
Leu-Enkephalin-NHz, indicating that there might be a difference in the coordination

environment of the metal. Images can be seen in Figure 3.5.

TEA  Piperidine KO'Bu TEA Piperidine KO!'Bu
'. 4 <5 a

Ac-YG(aza?V'G)FL-66-

i am—

Ac-YGGFL-66-

Figure 3.5 Preliminary colorimetric results of peptide and azapeptide metalation on
solid support using Cu'(OAc). and organic bases of varying strength.

With the desire to further explore differences between the metal coordination of
the natural peptide and azapeptides and gain insight on the impact it might have on
peptide secondary structure, we liberated portions of the Ac-Leu-Enkephalin-NH; and Ac-
[aza(allyl)Gly3]-Leu-Enkephalin-NH, from resin for experimentation with circular
dichroism (Figure 3.6). Additionally, we speculated that having more residues to the left
of the aza-amino acid could help increase stability of the desired square-planar metallo-
azapeptide complex without implicating the less acidic urea nitrogen. Thus, Ac-[azaPhe*]-

Leu-Enkephalin-NH2 was synthesized for addition to the study.
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Figure 3.6 Circular dichroism data depicting distinguishable differences of structure
adopted by metallo-(aza)peptides in increasingly alkaline boronic acid buffer.

The circular dichroism experiment was designed to provide insights into the pH at
which nucleation of metalation would occur. To this end, aqueous buffers of 200 uM
boronic acid at pH = 9.5 and 10.4 was created. Circular dichroism spectra were collected
in the presence of 20 uM Cu(OAc).. Both Ac-Leu-Enkephalin-NHz and Ac-[aza(allyl)Gly3]-
Leu-Enkephalin-NH2 displayed distinct conformational signatures in the presence of
metals as compared to their controls, however, no pH dependence was observed. Seeing
as coordination of the amide can occur through the carbonyl, a deprotonation event is not
necessitated for the metalation to occur. Alternatively, Ac-[azaPhe*]-Leu-Enkephalin-NH>
shows an increase in the intensity of the signature at pH = 10.4 as compared to pH = 9.5.
This implies that the azapeptide may become more ordered in more alkaline buffer in the
presence of copper, and indicates that metal coordination either depends upon side-chain

substitution, or position of the aza-amino acid residue. Excited by more rigorous evidence
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of a distinct mode of binding displayed by the azapeptide, we turned our focus to creating
more and different azapeptide metal complexes.
3.3 Assay Development for Screening of Coordination Conditions
It became readily apparent through our investigations of the small molecule and
Leu-Enkephalin derivatives with Cu(ll) that a means of obtaining optimal binding
conditions in a high through-put fashion would be beneficial. To this end, Ac-Leu-
Enkephalin-NH2, Ac-[azaPhe“]-Leu-Enkephalin-NH2, and Ac-[aza(allyl)Gly®]-Leu-
Enkephalin-NH>, were synthesized on TentaGel resin, which allows swelling and
subsequent metal binding screening in a broad range of solvents - including water.
Inspired by Jacobsen et. al. we pursued a means for rapidly identifying “hit” metal-peptide
complexes through a series of colorimetric assays.*4"1We began by testing a variety of
metal acetates with an oxidation state of two using Ac-Leu-Enkephalin and Ac-[azaPhe*]-

Leu-Enkephalin, described in Scheme 3.6.

OH
+M(ll)
o ° o . -'I\fII(I!I)_(EOAAc)z XH,0 (2.0 equiv.)
H H
N N N N_
)LH I \)Lu/\g/ XJL” I O MeOH, rt, 18h \)LN/W Jl\ O

X=CH, N

Scheme 3.6 Protocol for the initial assay development.

Well-known staining protocols are used to trap a distinctively colored metal-ligand
complex within the resin, allowing for facile identification of otherwise indistinguishable
“hits”.[*4l The results from our preliminary assay with a sampling of metal acetates can be
seen below in Figure 3.7, depicting qualitative color changes observed before and after

staining in the presence and absence of TEA as base.
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Figure 3.7 Representation of assay conducted with seven different metal-acetates.

We had not anticipated that we would observe such facile coordination out of the
gate. While we were able to detect increased intensity with the addition of a triethylamine,
we did not observe the chemoselectivity that we had desired with any of the metals
included in the screen, which showed metal binding even in the absence of an aza-amino
acid residue, a free amine at the N-terminus, and a C-terminal carboxylic acid. With the
initial difficulties described regarding isolation and purification, the intensely binding
palladium(ll)acetate even in the absence of base and an additional staining procedure
became the most appealing continuation. This alongside literature precedent for
palladium’s preferred coordination through the backbone amide NHI"% led us to our first
breakthrough in quantifying a metallo-azapeptide complex.

3.4 Binding of Palladium lons

Due to the apparent efficacy of Pd(Il) binding to both peptides and azapeptides

displayed in our solid phase screen, we chose to attempt the coordination in solution

using conditions described in Scheme 3.7.
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Scheme 3.7 Coordination of palladium (II) acetate to Leu-Enkephalin analogs.
Upon investigation of the crude reaction mixture by LC-MS we were able to
observe the coordination of palladium (ll) to Ac-[azaPhe?]-Leu-Enkephalin but not the

peptide counterpart. LC-traces with observed ions have been included in Figure 3.8.

6h, Ac-YGGFL-66-NH,

30-90% MeCN in H,0 (0.1%TFA)
<« 823.6 [SM+H]+
214 nm o
s') 1'1

5 7 13 15 (min)
6h, Ac-YGGazaFL-66-NH, 30-90% MeCN in H,0 (0.1%TFA)
[SM+Pd-H]* 928.5 — +— 824.6 [SM+H]+
214 nm
5 7 9 1 1 15 (min)

Figure 3.8 Comparative LC-MS traces of solution chelation experiment with Pd(I1)(OAc)2.

This provides the first evidence that chemoselective coordination of the azapeptide
is possible. The Ac-[azaPhe?]-Leu-Enkephalin differs from Ac-Leu-Enkephalin by the
singular substitution of an a-CH for an a-N making this stark contrast in coordination

capabilities all the more striking.
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CHAPTER 4: EXPERIMENTAL PROTOCOLS

4.0 General Methods

Polystyrene Rink Amide resin (0.78 mmol/g), TentaGel Rink Amide resin (0.24 mmol/g)
and Fmoc-glycine-2-chlorotrityl resin (200-400 mesh, 0.493 mmol/g) were purchased
from Protein Technology Inc™ and Chem-Impex Int’l, Inc and the manufacturer’s reported
loading of the resin was used in the calculation of the yields of the final products. Solid
phase peptide synthesis was performed using an automated Biotage Syro WaveTM
peptide synthesizer in 10 mL parallel reactors with polytetrafluoroethylene (PTFE) frits.
Incorporation of aza-amino acids and further elongations were performed manually in
disposable filter columns with 20 uM polyethylene (PE) frit filters and caps purchased
from Applied Separations (cat # 2413 and 2416 for 3 mL and 6 mL filter columns,
respectively) with gentle agitation on a Thermo Fisher vortex mixer equipped with a
microplate tray. Solution draining and washing of the resin was accomplished by
connecting the filter columns to a water aspirator vacuum via a waste trap. Analytical LC-
MS analyses were performed using an Agilent Technologies 1260 Infinity Il series LC-MS
Single Quad instrument with ESI ion-source and positive mode ionization, equipped with
a5 uM, 150 x 4.6 mm C18 Vydac column purchased from Mac-Mod Analytical, Inc (cat
# 218TP5415). A flow rate of 0.5 mL/min and 5-95%, 20-80%, or 12—-60% gradients of
CH3CN [0.1% trifluoroacetic acid (TFA)] in water (0.1% TFA) over 12 min (total run time
= 22 min) were used for all LC-MS analyses. Peptides were purified on a preparative
HPLC (Agilent 218 purification system) using a preparative column (10-20 puM, 250 mm

x 22 mm, C18 Vydac column, cat # 218TP101522) at a flow rate of 10 mL/min with
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gradients of CH3CN [0.1% trifluoroacetic acid (TFA)] in water (0.1% TFA) over 30 min
(total run time = 60 min).

4.0.1 Reagents

Amino acids, N,N’-diisopropylethylamine (DIEA), N,N’-Disuccinimidyl carbonate (DSC),
Fmoc chloride, (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-
carbenium hexafluorophosphate (COMU), chloro-N,N,N’,N’-tetramethylformamidinium
hexafluorophospate (TCFH) and triphosgene (BTC) were purchased from Chem Impex
Int’l, Inc. Reagents such as piperidine, lithium chloride, sodium cyanoborohydride
(NaBH3sCN), triisopropylsilane (TIPS), sodium acetate-d3, acetic acid-d*, and D.O were
purchased from Sigma Aldrich. Reagents such as hydrazine monohydrate and 2,4,6-
collidine were purchased from Alfa Aesar. Trifluoroacetic acid, glacial acetic acid, sodium
bicarbonate, and solvents were purchased from Fisher. Reagents including HBTU and
PyBOP were purchased from Oakwood Chemical. 1-Methylimidazole (NMI) and 1-chloro-
N,N,2-trimethylpropenylamine (Ghosez’'s Reagent) was purchased from Acros Organics.
4.1 General Solid Phase Procedures

Peptide syntheses were performed under standard manual conditions on an automated
shaker or using a Biotage Syro WaveTM peptide synthesizer using Polystyrene Rink
Amide resin (0.78 mmol/g). Couplings of amino acids (3 equiv.) were performed in DMF
using HBTU (3 equiv.) as coupling reagent and DIEA (6 equiv.) as base. Fmoc
deprotections were performed initially by treating the resin with 20% piperidine in DMF
(v/v) for 5 min, followed by treatment with a fresh solution of 20% piperidine in DMF (v/v)
for 15 min. Resin was washed after each coupling with DMF (3 x 1 mL) and deprotection

reaction with DMF, MeOH, and DCM (2 x 1 mL). Prior to cleavage from the resin or

45



storage, resin was washed with DCM (3 x 1 mL) and crunched. A “crunch” refers to a
protocol in which the resin is swollen in a highly volatile solvent (typically DCM) and
exposed to vacuum for an extended period. This evaporates remaining solvent and
physically crunches the resin.

41.1 Test Cleavages of Resin-Bound Peptides

A small aliquot of resin (1-5 mg) was washed with CH>Cl> to remove traces of DMF,
drained, and treated with a freshly made solution of TFA/H>-O/TIPS (90:5:5, v/v/v, 0.5 mL)
for 2 h at room temperature. The cleavage solution was collected by filtering the resin
through a disposable, PP fritted cartridge. The filtrate was evaporated to dryness and the
crude peptide was precipitated twice with cold ether (4 mL) followed by decanting. The
pellet (crude peptide sample) was dissolved in 1:1 MeCN/H20 v/v (1 mg/mL) and
subjected to LC-MS analysis.

4.1.2 Full Cleavage and Purification of (aza)Peptides

The resin-bound (aza)peptide was washed with CH>Cl> to remove traces of DMF, drained,
transferred into a 20 mL scintillation glass vial, and treated a freshly made solution of
TFA/H20O/TIPS (90:5:5, viviv, 5 mL). The vial was capped and agitated for 2 h at room
temperature on an orbital shaker. The cleavage mixture was filtered through a disposable,
PP fritted cartridge into a 50 mL falcon tube containing cold ether (~20 mL). The ether
was decanted following centrifugation at 8000 rpm for 2 min. The peptide pellet was
suspended in 1:9 MeCN/H20 v/v (5 mL). The sample was frozen and lyophilized. The
crude (aza)peptide was redissolved in a MeCN/H20 solvent mixture and purified using

reverse-phase HPLC.
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4.1.3 Representative Peptide Cyclization Procedure

The linear precursor H2N-Arg(Pbf)-Tyr(tBu)-Val-Glu(OtBu)-Val-pro-Gly-Orn(Boc)-
Lys(Boc)-lle-Leu-GIn(Trt)-pro-Gly-OH was synthesized on Fmoc-glycine-2-chlorotrityl
resin (200-400 mesh, 0.493 mmol/g loading) according to standard SPPS protocols
described above. Liberation of the side-chain protected peptide from solid support was
conducted using a freshly prepared solution of hexafluoroisopropanol in CH2Cl> (20%
v/v), the procedure was repeated, solutions were combined, and volatiles were removed
in vacuo. The protected linear peptide was dissolved in DMF (15 mL) and a solution of
HBTU (41.2 mg, 0.109 mmol, 6 equiv) and HOBteH20 (16.6 mg, 0.109 mmol, 6 equiv) in
DMF (1 mL) was added dropwise, followed by an addition of DIEA (0.0494 mL, 0.283
mmol, 15 equiv) in DMF (1 mL). The reaction was allowed to proceed overnight under N>
atmosphere. DMF was removed in vacuo and the cyclic side-chain protected peptide was
carried forward to global deprotection. A fresh 90:5:5 (v/v/v) solution of TFA: H2O: TIPS
was prepared and ~10 mL were added to the dried peptide. The reaction was stirred for
2 h at room temperature, followed by the removal of all volatiles in vacuo. Cold ether
precipitation was performed followed by dissolution of the cyclic peptide in 20% MeCN in
water (3 mL). The crude peptide sample was purified by RP-HPLC according to protocols
described in General Methods.

4.2 Incorporation of Aza-amino Acids into B-Hairpins

4.2.1 Synthesis of 9H-fluoren-9-yImethyl hydrazinecarboxylate (3)
Synthesized according to literature procedures [12,16]. Briefly, a solution of Fmoc-CI
(2.00 g, 7.73 mmol) in 120 mL of CH3CN was added dropwise over 2 h at 0 °C to a

solution of excess hydrazine hydrate (3.8 mL, 78.0 mmol, 10 equiv) in 26 mL of
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CH3CN/H20 (1:1, v/v). The solution was warmed to room temperature and left stirring for
12 h, prior to being concentrated in vacuo to 5 mL and filtered. The resulting solid was
washed with water, followed by hexanes, to give 1.92 g of white solid in 98% yield. NMR
(DMSO) spectra matched literature values.”?

4.2.2 Incorporation of Aza-Glycine into Resin-Bound Peptide
N,N’-Disuccinimidyl carbonate (DSC) (120 mg, 0.466 mmol, 3.0 equiv) was added to a
solution of 9H-fluoren-9-ylmethyl hydrazinecarboxylate 3 (123 mg, 0.484 mmol, 3.1 equiv)
in DMF and stirred for 5 min. The solution was then transferred to resin-bound peptide 2
(200 mg, 0.156 mmol) swollen in DMF and left shaking for 12 h. The solution was drained
and the resin was washed with DMF (3 x 2 mL).

4.2.3 Representative Coupling to azaGlycine

Fmoc-Tyr(tBu)-OH (22.2 mg, 0.0484 mmol, 3.1 equiv) was dissolved in dry THF (0.3 mL),
cooled to 0 °C, and treated dropwise with a cold solution of BTC (4.63 mg, 0.0156 mmol,
1.0 equiv) in dry THF (0.2 mL). The reaction mixture was left stirring at 0 °C for 15 min
before adding 2,4,6-collidine (0.0206 mL, 0.156 mmol, 10.0 equiv). The solution was
stirred at 0 °C for 5 min. The reaction was allowed to warm to room temperature prior to
transferring the activated amino acid to a SPPS cartridge containing the resin-bound
azapeptide (20 mg, 0.0156 mmol) previously swollen with dry THF. The reaction was left
shaking at room temperature overnight, then washed with DMF (2 x 0.5 mL), MeOH (2 x
0.5 mL), and THF (2 x 0.5 mL).

4.2.4 Synthesis of N’-Isopropyl-fluoren-9-ylmethyl carbazate (4)
9H-fluoren-9-ylmethyl hydrazinecarboxylate 3 (1.92 g, 7.55 mmol) was suspended in

acetone (50 mL) and heated at reflux for 2 h. Acetone was evaporated in vacuo and the
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hydrazone intermediate was dissolved in THF (50 mL), treated with acetic acid (0.48 mL,
8.39 mmol, 1.1 equiv) and NaBH3CN (521 mg, 8.31 mmol, 1.1 equiv), and stirred for 2 h.
The volatiles were removed and the crude was dissolved in EtOAc (100 mL), washed with
1 M aqueous KHSO4 (4 x 50 mL) and brine (2 x 50 mL), dried over Na2SO4, and
concentrated to give a white solid. The obtained product was dissolved in EtOH and
heated for 1 h, followed by evaporation of EtOH to yield N’-isopropyl-fluoren-9-yimethyl
carbazate (4) as a white solid (1.32 g, 59% yield) after column chromatography using a
20-100% gradient of EtOAc in hexanes. NMR (CDCIs) spectra matched literature
values.’

4.2.5 Incorporation of Aza-Valine into Resin-Bound Peptide
N’-isopropyl-fluoren-9-ylmethyl carbazate 4 (138 mg, 0.466 mmol, 3 equiv) was dissolved
in dry CH2CI2 (1 mL) and cooled to 0 °C. A solution of bis(trichloromethyl)carbonate
(BTC, 46.4 mg, 0.156 mmol, 1 equiv) dissolved in dry CH2Cl> (1 mL) and cooled to 0 °C
was added dropwise to the N’-isopropyl-fluoren-9-ylmethyl carbazate suspension. The
reaction mixture was left stirring at 0 °C for 5 min, allowed to warm to room temperature,
and stirred for another 25 min. DIEA (0.163 mL, 0.930 mmol, 6.0 equiv) was added to the
solution and the solution was stirred for 5 min prior to being transferred to a SPPS
cartridge containing resin-bound peptide 2 (200 mg, 0.156 mmol) swollen in CH2Cl». The
SPPS cartridge was left shaking for 12 h, after which the solution was drained, and the
resin was washed with CH2Cl> (3 x 2 mL).

4.2.6 Representative Coupling to azaValine

NaHCO3 (98.3 mg, 1.17 mmol, 30 equiv) was added to the resin-bound azapeptide (50

mg, 0.039 mmol) pre-swelled in dry CH2CI2 (0.2 mL) and shaken for 15 min. During that

49



time, Fmoc-Tyr(tBu)-OH (53.8 mg, 0.117 mmol, 3.0 equiv) was dissolved in dry CH2CI2
(0.4 mL) and cooled to 0 °C. Ghosez'’s reagent (0.0217 mL, 0.164 mmol, 4.2 equiv) was
added dropwise to the cooled solution of Fmoc-Tyr(tBu)-OH and stirred for 5 min. The
reaction was allowed to warm to room temperature for 5 min, prior to being transferred to
the SPPS cartridge containing NaHCO3 in CH2CI2. The resin was shaken at room
temperature overnight. The resin was washed with DMF (2 x 0.5 mL), MeOH (2 x 0.5
mL), and CH2CI2 (2 x 0.5 mL).

4.3 NMR Analysis of B-Hairpin

Lyophilized (aza)peptides were diluted to concentrations of 3—4 mM in D20 buffered with
50 mM NaOAc-d3 buffer at pH 4.2 (uncorrected), pH adjusted with AcOH-d3 [36]. All
NMR spectra were collected at the Molecular Education, Technology, and Research
Innovation Center (METRIC) at NC State University on a Bruker NEO 700 MHz instrument
with a TCI cryoprobe at 5 °C. 1D spectra were collected with 32K data points and at least
32 scans and water suppression with a pre-saturation pulse or with a 1D-1H NOESY. 2D-
experiments were collected on the same instrumentation, using the standard Bruker
ROESY, COSY, and TOCSY pulse sequences with presaturation. All 2D experiments
were done with eight scans, 2048 points in the first dimension, and 256 or 512 in the
indirect dimension. TOCSY spectra were collected with 80 ms spin-lock and ROESY
spectra were collected with a mixing time of 200 ms. Spectral analysis was performed

with TopSpin 4.0.5 software. Characterization data can be seen in Appendix A.
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4.4 Submonomer Azapeptide Synthesis on Solid Support

4.4.1 Synthesis of Benzaldehyde Hydrazone

A volume of 6.13 mL (125mmol) hydrazine monohydrate was diluted with 15mL of reagent
grade ethanol and cooled to 0°C. A dropwise addition of 2.55mL (25mmol) benzaldehyde
was performed over approximately 3 minutes. The reaction was stirred at 0°C for 2 hours,
removed from the ice bath, and allowed to proceed for an additional hour at ambient
temperature. The crude material was transferred to a separatory funnel with 100 mL of
deionized water. Three extractions were performed with 40mL of DCM each. The DCM
was pooled and washed twice with brine, dried over sodium sulfate, and concentrated.
Following an extended exposure to high-vacuum to remove trace DCM, the material was
used by mass without further purification or characterization.

4.4.2 Activation and Coupling of benzaldehyde hydrazone for
semincarbazone installation.

A 12mL disposable filter column was charged with 500 mg of Fmoc-protected, Rink-
Amide substituted, TentaGel resin (0.12mmol). Standard manual Fmoc/HBTU strategies
were implemented for the installation of natural peptide precursors on solid support.
Following the final amino acid installation and Fmoc deprotection, the resin was washed
thoroughly with DMF followed by iterative washing with MeOH and DCM. The resin was
re-swollen in dry DCM. Meanwhile, a 20mL vial was charged with 144.1 mg (1.2 mmol)
of pre-synthesized benzaldehyde hydrazone and diluted with a volume of 3mL dry DCM.
In a second vial, a slurry of 307.4 mg (1.2 mmol) DSC and 2.5 mL of dry DCM was created
and stirred. Both were cooled to 0°C before the dropwise addition of benzaldehyde

hydrazone to the DSC solution. The reaction was removed from the ice bath and allowed
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to proceed under ambient conditions for approximately 45 minutes, after which it was
cooled back to 0°C. A single aliquot of 419uL (2.4 mmol) DIEA was added to the cooled
reaction and the swelling resin was discharged of dry DCM. After a quick 2-minute pre-
activation the hydrazone material was transferred to the fritted reaction vessel. The
coupling proceeded at room temperature with gentle agitation for four hours, after which
the solvent, byproducts, and unreacted material were drained from the reaction using a
venturi vacuum. The resin was washed thoroughly using MeOH and DCM followed by a
few washes with THF in preparation for the alkylation step.

4.4.3 Representative procedure for semicarbazone alkylation

The resin-bound semicarbazone protected material (0.12 mmol) was left to swell in 6 mL
THF. A single aliquot of 269uL TEAH (20% solution in H20, 0.6 mmol) was added directly
to the fritted reaction vessel. The reaction was provided 30 minutes of gentle agitation at
room temperature. A single aliquot of the desired electrophile, in this case 142uL benzyl
bromide (1.2 mmol) was added to the activated resin and gently shaken for a 16 hour
period. The resin was drained of crude reaction material and washed using DCM, MeOH,
and THF. A DCM crunch was performed in preparation for the deprotection.

4.4.4 Orthogonal Semicarbazone Deprotection

A stock solution of 1.5M hydroxylamine hydrochloride in pyridine was prepared. Crunched
resin (0.12mmol) was transferred to a 10 mL microwave vial. 5mL of the HONH3CI
solution was added and the vessel was capped and introduced to a heated (~65°C)
sonication bath for 4 hours. The pyridine solution was decanted using a pasteur pipette,
and another 5 mL of fresh stock hydroxylamine hydrochloride solution was added. The

vessel was re-capped and allowed to remain in the heated sonication bath overnight. The
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resin was transferred to a new disposable filter column and washed thoroughly with
MeOH and DCM.

4.4.5 Coupling to the Semicarbazide

The substituted semicarbazide resin (0.12mmol) was swollen in dry DCM. A 20 mL
scintillation vial was charged with 302.4 mg (3.6 mmol) NaHCOz and 120.7 mg (0.432
mmol) Fmoc-Glycine-OH as solids and a slurry was created using 3mL dry DCM. A
separate 20mL vial was charged with 4mL dry DCM and a volume of 66.6uL Ghosez's
Reagent. Both were cooled to 0°C, after which a dropwise addition of the Ghosez’s
solution to the bicarbonate-amino-acid slurry was performed over approximately two
minutes. The reaction was removed from the ice bath and allowed five minutes to pre-
activate and the resin was drained of DCM. The activated amino acid was transferred to
the resin and the reaction was gently agitated at room temperature on an automated
shaker for a 16 hour period. The resin was drained of crude reaction material and washed
with MeOH (3x3mL) followed by H20 (2x3mL) to remove excess sodium bicarbonate. A
standard wash cycle with DMF, MeOH, and DCM was performed to prepare the resin for
completion using Fmoc/HBTU strategies.

4.5 Solution-phase Azapeptide Synthesis of Model Compound
Characterization can be found in Appendix A.

tert-butyl (S)-(1-(isopropylamino)-1-oxopropan-2-yl)carbamate A 500 mL round-
bottom flask was charged with 10.0 g Boc-Ala-OH (52.9 mmol, 1.0 0 J\
equiv.) and 200 mL THF and the vessel was purged with nitrogen. z H

The solution was cooled to -20°C using a bath of 9:1 ethanol:ethylene glycol and dry ice.

A quick dropwise addition of 8.91 mL isobutyl chloroformate (68.7 mmol, 1.3 equiv.) was
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performed followed directly by a cannulation of 7.56 mL 4-methyl morpholine (68.7 mmol,
1.3 equiv.) in 15mL THF. The reaction was stirred for 10 minutes before a second
cannulation of 6.5 mL isopropyl amine (79.3 mmol, 1.5 equiv.) in 15 mL THF was
conducted. The reaction proceeded at -20°C for an additional 90 minutes after which it
was slowly warmed to room temperature. THF was removed in vacuo. The crude material
was re-dissolved in 200 mL ethyl acetate and transferred to a separatory funnel where it
was washed thoroughly with 5% sodium bicarbonate solution (3 x 75 mL), 5% citric acid
solution (3 x 75 mL), and brine (75 mL). A re-extraction was performed with 50 mL ethyl
acetate. The organic layers were combined and dried over sodium sulfate. Ethyl acetate
was removed in vacuo and the material was re-dissolved using minimal 2% methanol in
DCM for purification by column chromatography over silica gel. Product (Rf= 0.42; 6%
MeOH:DCM) was obtained in 91% yield. *H NMR (500MHz, CDCIs3) & 6.39 (s, br, 1H), d
5.36 (d, 1H), 8 4.10 (s, br, 1H), 5 4.03-3.94 (m, 1H), 5 1.38 (s, 9H), 5 1.28 (d, 3H), 5 1.08
(t, 6H).

(S)-1-(isopropylamino)-1-oxopropan-2-aminium trifluoroacetate (A) A 250 mL round-

. , . (o)
bottom flash was charged with 10.99 g Boc-Ala-N'Pr and dissolved -
g g TEA H3ﬁ\)LNJ\

H

using 30 mL methylene chloride. An equivalent volume of
trifluoroacetic acid was introduced and the open vessel was stirred vigorously for three
hours. Following confirmation of complete deprotection by TLC, the solvent was removed
in vacuo and the deprotected material was subjected to several co-evaporations with
methylene chloride followed by a prolonged exposure to high vacuum. The material was

used without further purification or characterization.
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(S)-2-(diphenylmethylene)-N-(1-(isopropylamino)-1-oxopropan-2-yl)hydrazine-1-

AL

carboxamide (B) A 500 mL round-bottom flask was PRy
Fh){‘hl"”

H
N
charged with 13.451 g disuccinimidyl carbonate (52.5 mmol, \g

1.1 equiv.) and 200 mL methylene chloride was added. An amount of 9.373 g
benzophenone hydrazone (47.7 mmol, 1.0 equiv.) was weighed into a separate 100 mL
round bottom and dissolved in 70 mL methylene chloride. Both were cooled to 0°C using
an ice bath. A cannulation of the benzophenone hydrazone solution to the disuccinimidyl
carbonate slurry was performed over a period of approximately 10 minutes. The reaction
was removed from the ice bath and allowed 1.5 hours at room temperature to pre-activate.
The Boc-deprotected material from the previous step was dissolved in 40 mL methylene
chloride and a volume of 17.5 mL diisopropyl ethyl amine (100.2 mmol, 2.1 equiv.) was
added. This addition was performed in portions with special care taken during the first
addition to neutralize the trifluoroacetate salt. Both the activated benzophenone
hydrazone solution and the free amine solution were cooled to 0°C in preparation for
another cannulation. The addition of H-Ala-N'Pr to the activated hydrazone was
conducted over approximately 15 minutes after which the reaction was removed from the
ice bath and allowed to proceed at room temperature for 16 hours. The reaction was
concentrated and 25 mL of 40% ethyl acetate in hexanes was added. Chloroform was
added in small aliquots until the crude was dissolved. Purification by manual column
chromatography over silica gel was performed using a gradient of 40-85% ethyl acetate
in hexanes. Product (B, R = 0.32; 70% EtOAc:Hexanes) was isolated in 83% yield. 'H
NMR (500MHz, CDClz) & 7.70 (s, 1H), & 7.53(m, 5H), & 7.35(s, 3H), 5 7.26(m, 2H), &

6.17(d, 2H), & 4.40(m, 1H), & 4.07(m, 1H), & 1.48(d, 3H), & 1.16(t, 6H).
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(S)-1-benzyl-2-(diphenylmethylene)-N-(1-(isopropylamino)-1-oxopropan-2-yl)hydra
zine-1-carboxamide (C) Potassium tert-butoxide (700.2mg, f©

PN \,u\

6.26mmol. 1.1 equiv.) was dissolved in 6.3 mL THF and

cooled to 0°C. A 250 mL round bottom flask was charged with
2.007g (5.69 mmol, 1.0 equiv.) of benzophenone protected material (B) and 60 mL THF
which was then cooled to 0°C. A dropwise addition of the potassium tert-butoxide solution
to B was conducted over approximately five minutes and the activation was stirred for
one hour at 0°C. A dropwise addition of 0.88 mL (7.4 mmol, 1.3 equiv.) benzyl bromide
to the activated material was then performed over approximately two minutes. Reaction
was stirred at 0°C for an hour before it was removed from the ice bath and allowed to
proceed overnight. Solvent was removed in vacuo and the crude was re-dissolved in 50
mL EtOAc and introduced to a separatory funnel. Crude was washed three times with 50
mL brine and re-concentrated and introduced to a silica column using minimal chloroform
for a gradient of 12-100% EtOAc:Hexanes. Product (C, Rf = 0.64; 75% EtOAc:Hexanes)
was obtained in 72% yield. *H NMR (500MHz, CDCl3) d 7.41(m, 4H), 6 7.31 (m, 4H),
7.19-7.17 (m, 5H), & 6.89-6.86 (m, 3H), d 6.39 (d, 1H), 5 4.76 (d, 1H), & 4.44(m, 1H), &
4.32 (d, 1H), 8 4.07(m, 1H), & 1.44(d, 3H), d 1.15(t, 6H).
(S)-1-benzyl-N-(1-(isopropylamino)-1-oxopropan-2-yl)hydrazine-1-carboxamide (D)
565.4 mg (1.28 mmol, 1.0 equiv.) of benzophenone protected N’-
alkylated material (C) was dissolved in 30 mL pyridine. 355.4 mg (©\)\ /L
H,N” Y
(5.12 mmol, 4.0 equiv.) hydroxylamine hydrochloride was

introduced to the pyridine solution as a solid and the reaction was capped. The reaction

was stirred vigorously at 60°C for approximately 16 hours. Crude material was transferred
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to 20 mL scintillation vials, pyridine was removed using the Biotage V-10 rotary
evaporator and several co-evaporations with methanol. Vials were filled with EtOAc for a
digestion to remove excess hydroxylamine hydrochloride and stirred vigorously for six
hours at room temperature. EtOAc was collected and concentrated before being re-
dissolved in minimal 2% MeOH:DCM for introduction to the Biotage Isolera for purification
over silica by a 2-10% MeOH:DCM gradient. Product (D, Rt = 0.33; 100% EtOAc) was
obtained in 81% yield. 'H NMR (500MHz, CDCls) & 7.35-7.31 (m, 3H), & 7.26-7.25 (m,
3H), 5 6.76 (s, 1H), 6 6.32 (s, 1H), 8 4.79 (d, 1H), 6 4.61 (d, 1H), 6 4.29 (m, 1H), 5 4.06
(m, 1H), & 3.43 (s, 2H), & 1.38 (d, 3H), 5 1.16 (t, 6H).

tert-butyl ((S)-1-(2-benzyl-2-(((S)-1-(isopropylamino)-1-oxopropan-2-yl)carbamoyl)

hydrazineyl)-1-oxo-3-phenylpropan-2-yl) carbamate (E)

A solution of 265.3 mg (1.00 mmol, 1.0 equiv.) Boc-Phe-
: H o H o
OH and 348 pL (2.00 mmol, 2.0 equiv.) DIEA was XOYN\AN'NYN\ANJ\
l 2 W Il : H
created using 2.0 mL DMF and cooled to 0°C. A second © \© ©

solution of 856.5 mg (2.00 mmol, 2.0 equiv.) COMU in 2 mL DMF was cooled to 0°C and
subsequently added in a dropwise fashion to the first solution. The reaction was allowed
a five minute activation at 0°C. Meanwhile, a solution of 278.5 mg (1.00 mmol, 1.0 equiv)
free semicarbazide (D) in 2.0 mL DMF was cooled to 0°C and added dropwise to the
activated material. The reaction was allowed to proceed at 0°C for an hour before being
removed from the ice bath and left stirring at room temperature for another three hours.
The reaction was transferred to a 250 mL separatory funnel with 50 mL EtOAc. DMF was
removed using a ten-fold dilution with water. Organic was washed with 50 mL saturated

NaHCO3 (x2) followed by 50 mL 1N HCl and 50 mL brine. Organic was dried over sodium
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sulfate and concentrated. Minimal chloroform was used to re-dissolve crude for
introduction to the Biotage Isolera for a 10-45% EtOAc:Hexanes gradient. Product (E, Rt
= 0.56; 100% EtOAc) was obtained in 64% yield. *H NMR (500MHz, CDCls) & 8.14 (s, br,
1H), & 7.31-7.16 (m, 10H), 5 6.63 (s, 1H), 5 6.22(s, 1H), & 4.95(s, 1H), 5 4.61 (s, br, 2H),
0 4.29 (t, 1H), 6 4.12 (s, 1H), 6 3.98 (m, br, 1H), 8 3.06 (m, 1H), d 2.76 (s, 1H), & 1.37 (s,
9H), 6 1.34 (d, 3H), 6 1.15 (m, 6H).
2-(acetyl-L-phenylalanyl)-1-benzyl-N-((S)-1-(isopropylamino)-1-oxopropan-2-yl)hy
drazine-1-carboxamide (F)
Hopolow g

127.6 mg (0.243 mmol) Boc-protected azapeptide (E) YN\)\N'N N\)\NJ\

A : H jol/ : H
was dissolved in 5 mL 50:50 TFA:DCM and stirred at \©

room temperature for 2 hours. Material was concentrated in vacuo by re-dissolving and
co-evaporating with DCM several times. Deprotected material was moved into the
acetylation protocol without further characterization. Crude (0.243 mmol) was dissolved
in 1.2 mL DCM to which 84.7 mL (0.61 mmol, 2.5 equiv.) TEA was added and the solution
was cooled to 0°C. 34.7 uL (0.486 mmol, 2.0 equiv.) acetyl chloride was diluted with 2.5
mL DCM and cooled to 0°C. A dropwise addition of the AcCl solution to the azapeptide
solution was conducted over the course of approximately three minutes. Reaction was
allowed to proceed for 30 minutes at 0°C after which the solvent was removed in vacuo
and the crude was purified by column chromatography using a gradient of 3-7%
MeOH:DCM. Product (F, Rs = 0.46; 10% MeOH:DCM) was obtained in 51% yield. *H NMR
(500MHz, CDCls) 8 8.92 (s, 1H), & 7.32-7.19 (m, 10H), & 7.12 (s, br, 1H), 8 6.75 (d, 1H),
8 6.52 (s, 1H), & 5.13-4.30 (s, br, 2H), 8 4.23 (s, 1H),  4.11 (m, 1H), d 3.89 (m, 1H), d

3.37 (s, 1H), & 3.01-2.96 (m, 2H), 5 1.84 (s, 3H), 5 1.26 (d, 3H), & 1.09 (t, 6H).
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UV-Vis Protocol:

A stock solution of 1 mM Cu(OAc). in MeOH was created. 2 mL of stock were transferred
to ten distinct 4 mL vials containing 0.9 mg (2mmol) Ac-FazaFA-N'Pr (F) each, creating a
1:1 mixture. Solution were stirred vigorously at room temperature. A 1.0 M KO'Bu in THF
solution was used in the case of strong base, and neat triethylamine was used in the case
of weak base. To the stirring solutions, increasing equivalents of the respective base were
added and allowed to stir for five minutes before a twenty-fold dilution of the stock was
conducted and subjected to analysis by UV-Vis.

Circular Dichroism Protocol:

Stock 1mM boronic acid in H,O was created and adjusted to pH = 9.5 and 10.4,
respectively, using sodium hydroxide. Secondary stock solutions of 1ImM Cu(OACc)z in
H>O were also created. Individual 200 pM stock solutions of the Ac-YGGFL(Hex)2-NH2
and Ac-YGGazaFL(Hex)>-NH2 in HoO were created. Stocks were mixed to create
solutions with final concentrations of: 200 uM boronic acid, 20 uM (aza)peptide plus or
minus 20 yM Cu(OAc).. Each individual solution was subjected to analysis by circular
dichroism with a scan time of 2 ms at every 0.5 nm for wavelengths between 190 nm to
280 nm.

Metal-Binding of Enkephalins on Solid-Support

Procedure was adapted from: Francis, M.; Finney, N.; Jacobsen, E. Combinatorial
Approach to the Discovery of Novel Coordination Complexes J. Am. Chem. Soc. 1996,
118, 8983-8984 — 1 mM stock solutions of metals were created in MeOH. An amount of
5 mg of TentaGel resin was weighed into 3 mL PPE cartridges and a volume equating

to at least 2.0 equiv. metal acetate was transferred to cartridge. Resin was agitated
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overnight before being washed with five individual aliquots of methanol. Portions of
resin were transferred to Eppendorf tubes to be subjected to staining protocols
described in previously mentioned protocols.

Metal-Binding of Enkephalins in Solution:

1mM stock solutions of metals (including Co(OAc)2, Cu(OAc)2, Fe(OAc)2, Mn(OAcC)2,
Ni(OAc)2, Pd(OAc)2, and Zn(OAc).) were created using MeOH and solid metal acetates.
A volume of 1.7 mL of each respective stock solution was transferred to 1.0 mg of solid

(aza)peptide and stirred for 48 hours. Solutions were subjected to analysis by LC-MS.
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APPENDIX A: CHARACTERIZATION DATA
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4.3.1 Tabulated *H-NMR Data for B-Hairpin Systems
Chemical shifts (d) are reported in ppm. All NMR data was collected with conditions:
700 MHz, D20, pH = 4.2 (deuterated NaOAc buffer), 5.8°C. Proton assignments were

made based on COSY, TOCSY, and ROESY. Protocol described in Section 2.3.1.

Parent Peptide

H-Arg-Tyr-Val-Glu-DPro-Gly-Orn-Lys-lle-Leu-GIn-NH2 (1):

[ 1 MwD1C, Sig=214,4 Ref=360,100 (LC 2019-02-05 18-22-20\002-P1-B2-ELW-2-032a_RYVEVpGOKILQ.D)
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Farent Peglice
26

26m
acelaie pH 42

. : |
2 0 [ppm]

0.6

0.4

0.2

-0.0

4
Residue: a: B: Other:
Arg 4.06 1.92 y CH2: 1.55 & CH,: 3.19
Tyr 5.17 2.79, 2.87 2,6 H:6.96 3,5 H: 6.81
Val® 4.36 2.00 y CHs: 0.86
Glu 4.93 1.88,1.97 y CHy: 2.24
Val® 4.60 1.99 y CH3: 0.93
Dpro 4.38 2.38 y CHy: 2.04, 2.12 5 CH,: 3.87
Gly 3.78, 4.02 - -
Orn 4.59 1.83 y CH2: 1.69, 2.12 & CH,: 3.00
Lys 4.58 1.54,1.63 Yy CH2: 1.13 3 CH,: 1.35 € CH3: 2.61
lle 4.46 1.90 y CH2: 1.19,1.48 y CH3: & CHa:
Leu 4.17 1.62 y CH2: 1.45 & CH3: 0.64, 0.75
GIn 4.31 1.84,2.04 y CHy: 2.29

Cyclic Parent Peptide

c[Arg-Tyr-Val-Glu-Val-DPro-Gly-Orn-Lys-lle-Leu-GIn- DPro-Gly] (2):
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[ 1 MwD1C, Sig=214,4 Ref=360,100 (LC 2019-03-04 14-27-39\008-P1-B4-PG-ELW_Cyclization-23.D)

“MSD1 SPC, time=7.973:8.088 of C:\Chem32\1\Data\LC 2019-03-04 14-27-39008-P 1-B4-PG-ELW_Cyclization-23.D ES-AFPI, Pos
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Residue: a: B: Other:
Arg 4.65 1.82 y CH>: 1.53,1.63 6 CH,: 3.18
Tyr 5.08 2.82 2,6 H: 6.93 3,5 H: 6.79
Val® 4.48 2.03 y CHs3: 0.87
Glu 5.00 1.88,2.01 y CHy: 2.25
Val5 4.64 1.97 y CH3: 0.91
D-Pro® 4.37 2.00, 2.41 y CH,: 2.09, 2.16 & CH,: 3.90
Gly’ 3.76, 4.06 - -
Orn 4.69 1.82 y CH,: 1.70 8 CH,: 3.01
Lys 4.84 1.59, 1.69 y CH>: 1.17 8 CH,: 1.39 € CHy: 2.59
lle 4.65 1.87 y CH,: 1.17,1.36 y CH3: 0.91 & CH3: 0.82
Leu 4.21 1.56 y CH,: 1.14 & CH3: 0.50, 0.19
GIn 4.87 1.83, 2.02 y CH;: 2.21
D-Prot3 4.31 1.95,2.32 y CH,: 1.98, 2.15 & CH,: 3.69, 3.77
Gly!* 3.74, 3.92 - -

Unfolded Parent Peptide (LPro®)

H-Arg-Tyr-Val-Glu-Pro-Gly-Orn-Lys-lle-Leu-GIn-NH2 (1):

1 MWD1 C, Sig=214.4 Ref=360,100 (LC 2019-02-06 09-45-43\002-P1-B4-ELW-2-032¢c_RYVEVPGOKILQ.D)
mAU 3 l
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“MSD1 SPC, time=7.954:8.107 of C:\Chem32\1\Data\LC 20190206 09-45-43002-P1-B4-ELW-2-032c_RYVEVPGOKILQ.D ES-APIP
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Residue:

a:

Other:

Arg

4.02

1.88

y CHz: 1.57 8 CH.: 3.19

Tyr

4.61

2.91, 3.02

2,6 H:7.09 3,5H:6.81

Val®

3.96

1.87

y CHs: 0.84
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Glu 4.20 1.94 y CH,: 2.33
Val® 4.40 2.06 y CHs3: 0.95
Pro 4.41 2.30 y CH,: 1.93 6 CH,: 3.68, 3.86
Gly 3.98, 3.92 - -
Orn 4.33 1.87 y CH,: 1.67,1.74 8 CH,: 3.01
Lys 431 1.73 y CH2: 1.37,1.44 & CH,: 1.67 € CHy: 2.97
lle 4.12 1.83 y CH,: 1.18, 1.49 y CH3: 0.87 & CH3: 0.82
Leu 4.38 1.64 y CH,: 1.55 & CH3: 0.87, 0.92
GlIn 4.29 2.10,1.96 y CH;,: 2.35
D-Val® Control
H-Arg-Tyr-pVal-Glu-DPro-Gly-Orn-Lys-lle-Leu-GIn-NH> (1):
[ ] MWD1C, Sig=214,4 Ref=360,100 (LC 2019-03-18 18-54-47\011-P1-C3-PG_D-Val-24.D)
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“MSD1 SPC, time=8.432:8.547 of C\Chem32\1\Data\LC 2018-03-18 18-5447011-P1-C3-PG_D-Val24.0 ES-API, Pos, Scan, Fr

20—

Max: Z4EEB83

.- N
] |
: 2 ' 0 ppm]
Residue: a: B: Other:
Arg 4.00 1.85 y CH;: 1.62 & CH,: 3.20
Tyr 4.64 2.96, 3.08 2,6 H: 7.13 3,5 H: 6.83
p-Val® 4.45 1.64 y CH;: 0.87, 0.93
Glu 4.71 1.89, 2.13 y CH,: 2.23
pval® 4.54 2.01 y CHs3: 0.91
D-Pro 4.40 2.35 y CH,: 2.07 & CH.: 3.80, 3.88
Gly 3.80, 3.99 - -
Orn 4.53 1.81 y CH,: 1.67 8 CH,: 3.01
Lys 4.43 1.66 Yy CH,: 1.34,1.44 3 CH,: 1.73 € CH,: 2.96
lle 4.20 1.87 y CH,: 1.20, 1.43 y CH3: 0.90 8 CH3: 0.81
Leu 4.03 2.06 y CH,: 1.63 8 CH3: 0.51, 0.65
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GIn 4.17 1.84, 2.02 y CH: 2.28

azaVal® mutant

H-Arg-Tyr-Val-Glu-DPro-Gly-Orn-Lys-lle-Leu-GIn-NH: (4):

[ ] MWD1C, Sig=214,4 Ref=360,100 (LC 2019-02-06 09-45-43\001-P1-B3-ELW-2-032b_RYzVEVpGOKILQ.D)
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|
2 0 [ppm]

6 s
Residue: a: B: Other:
Arg 4.05 1.88 y CH2: 1.65 & CH,: 3.22
Tyr 4.53 2.87,3.29 2,6 H:7.23 3,5 H: 6.89
azaVal® - 4.22 y CHs: 0.48
Glu 4.44 1.89 y CH3: 2.12,2.19
Val® 4.54 2.03 y CH3: 0.94
D-Pro 4.41 2.34 y CH3: 2.06, 2.33 5 CH,: 3.80, 3.88
Gly 3.84,3.94 - -
Orn 4.46 1.78 y CH2: 1.71 8 CHy: 3.00
Lys 4.34 1.72 y CH2: 1.37,1.44 5 CH,: 1.68, 1.75 € CH,: 2.97
lle 4.12 1.80 y CH2: 1.46 y CH3: 1.18 & CH3: 0.87
Leu 4.38 1.67 y CH,: 1.56 & CHs: 0.86, 0.93
GIn 4.28 1.98 y CH3: 2.10, 2.36

azaGly® mutant

H-Arg-Tyr-Val-Glu-DPro-Gly-Orn-Lys-lle-Leu-GIn-NH2 (1):
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[ ] MWD1C, Sig=214,4 Ref=360,100 (LC 2019-04-30 11-32-20\012-P1-B4-ELW-2-073_19.D)
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szaliy anslogus

T T T T
2 0 [ppm]

6
Residue: a: B: Other:
Arg 4.02 1.86 y CH,: 1.59 & CH,: 3.19
Tyr 4.55 2.64,2.76 2,6 H:7.14 3,5 H: 6.85
azaGly? - - -
Glu 4.58 1.84 y CHy: 2.15, 2.26
Val® 4.54 2.01 y CH3: 0.93
D-Pro 4.40 2.35 y CH,: 1.98, 2.07 & CH,: 3.82, 3.89
Gly 3.80, 3.98 - -
Orn 4.51 181 y CH2: 1.71 8 CH,: 3.01
Lys 4.29 1.68 Yy CH2: 1.41 8 CH,: 1.13 € CHy: 2.97
lle 4.38 1.65,1.73 y CH,: 1.38,1.47 y CH3: 0.92 & CH3: 0.85
Leu 4.12 181 y CH,: 1.18 & CH3: 0.80, 0.87
GIn 4.29 1.97 y CHy: 2.10, 2.37
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tert-butyl (S)-(1-(isopropylamino)-1-oxopropan-2-yl)carbamate

oNDRVOoW
=1 RS et

%) & D D T
© NB680080

vvvvv

M7.3991
M1.1484

Y 11 |

2 [ppm]
(S)-2-(diphenylmethylene)-N-(1-(isopropylamino)-1-oxopropan-2-yl)hydrazine-1-

0.9513

1.1505
B

carboxamide (B)
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(S)-1-benzyl-2-(diphenylmethylene)-N-(1-(isopropylamino)-1-oxopropan-2-yl)hydra
zine-1-carboxamide (C)

ELW-2-116 10 1 C:WserslelwilDesktopiLab_NotebooksiBook_2
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(S)-1-benzyl-N-(1-(isopropylamino)-1-oxopropan-2-yl)hydrazine-1-carboxamide (D)
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tert-butyl ((S)-1-(2-benzyl-2-(((S)-1-(isopropylamino)-1-oxopropan-2-yl)carbamoyl)

hydrazineyl)-1-oxo0-3-phenylpropan-2-yl) carbamate (E)

ELW-2-123 §0 1 C:WserslelwillDesktop\Lab_NotebooksiBook_2
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2-(acetyl-L-phenylalanyl)-1-benzyl-N-((S)-1-(isopropylamino)-1-oxopropan-2-yl)hy
drazine-1-carboxamide (F)
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